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Contact Electrification and Adhesion Between 
Dissimilar Materials 

Roger G. Horn and Douglas T. Smith 
Simultaneous measurements of surface force and surface charge demonstrate strong 
attraction due to the spontaneous transfer of electrical charge from one smooth insulator 
(mica) to another (silica) as a result of simple, nonsliding contact in dry nitrogen. The 
measured surface charge densities are 5 to 20 millicoulombs per square meter after 
contact. The work required to separate the charged surfaces is typically 6 to 9 joules per 
square meter, comparable to the fracture energies of ionic-covalent materials. Observation 
of partial gas discharges when the surfaces are approximately 1 micrometer apart gives 
valuable insight into the charge separation processes underlying static electrical phenom- 
ena in general. 

Contact  electrification, manifest as static 
or triboelectricitv. is a well-known effect , . 
whose consequences can be very irksome or 
very beneficial depending on the circum- 
stances. Despite the familiarity and impor- 
tance of this phenomenon, there is limited 
understanding of the fundamental mecha- 
nisms by which charge transfers from one 
insulator to another during contact and - 
remains there as the materials are separated 
( 1 ,  2). 

Particles and surfaces are charged inten- 
tionally in such applications as photocopy- 
ing, laser printing, electrostatic precipita- 
tion, and particle separation processes, 
which make use of electrostatic forces to 
promote adhesion. However, the notion 
that spontaneous charge transfer between 
materials in contact acts to increase adhe- 
sion between them has received little atten- 
tion despite the efforts of Derjaguin et al. 
(3) and the work of Dickinson and co- 
workers (4) demonstrating that charge sep- 
aration occurs during interfacial fracture. 

We report an experimental method 
based on the use of a surface force apparatus 

Ceramics Division, National Institute of Standards and 
Technology, Gaithersburg, MD 20899. 

(5) with in situ electrometers ( 6 ) ,  which 
enables both surface forces and surface 
charees to be measured. Two smooth dis- - 
similar insulating materials are brought into 
contact and separated; direct measurements 
are made of the charge transferred during 
contact and of the resulting electrostatic 
attractive force. These experiments demon- 
strate and quantify the attraction that re- 
sults from contact electrification and show 
that the work required to separate two 
charged surfaces in a dry atmosphere is 
comparable to the work required to fracture 
the individual materials. This work of ad- 
hesion depends on how much excess charge 
remains on the surfaces after a series of 
discharges across the gap between the ma- 
terials as they are separated through the 
micrometer range. 

Two thin (1 to 10 pm), transparent 
solids are mounted as crossed cylinders of 
radius =20 mm in the surface force appara- 
tus. For these experiments we used one 
sheet of atomically smooth mica and one of 
fused silica (7), prepared by a blown-bubble 
method that gives near-atomic smoothness 
(8). Solid-solid separation D is controlled 
and measured with subnanometer accuracv 
by interferometry (9) between silver coat- 
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ings on the back surfaces (Fig. 1A). The 
two solids in contact flatten elasticallv over 
a certain area, measurable from interference 
fringes (10); because the surfaces are 
smooth, this is taken to be the true contact 
area. To determine the sign and quantity of 
charge residing on the front surfaces of the 
solids, electrical contacts are made with the 
silver coatings. As the solids are separated, 
the surface charge induces image charge in 
the silver (Fig. 1B). The image charge, 
readily measured by electrometers, in- 
creases in magnitude from zero when the 
solids are touching to the full surface charge 
when they are far apart (6). 

Surface charge densities from 5 to 20 
mC/m2 (or 1 electronic charge per 8 to 32 
nm2) were measured for simple, nonsliding 
contacts between silica and mica in dry 
nitrogen gas ( I  1). These values are unusu- 
ally high compared to most contact electri- 
fication measurements (1 )  because of the ~, 

smooth, clean, and thin solids used here 
( 6 ) .  The measured charees on the two ~, - 
materials were always equal in magnitude, 
silica becoming negative and mica positive. 
The charging process could be repeated 
many times, implying that the supply of 

A Silver Mica \ 

Fig. 1. (A) Schematic arrangement of thin solid 
films in the surface force apparatus. Surface 
separation D, solid thicknesses Y, and Y2 (each 
-1 to 10 km), and contact diameter + (typically 
100 1.m) are measured from optical interfer- 
ence between silver layers on the outer surfac- 
es; silver layers are also used as electrodes. 
(6) Upon separation, charges on the front sur- 
faces induce image charges in each silver 
layer. Integrating the current i flowing to each 
grounded electrode as the solids are separated 
to D 2 > Y,, Y2 determines the surface charge 
(6) .  

charge carriers is replenishable and hence 
most likely to be electrons. 

The effect of spontaneous charge trans- 
fer on the force between silica and mica in 
dry nitrogen is illustrated in Fig. 2. No 
charge was detected by the electrometers 
when the two materials first approached, 
and the only force was van der Waals 
attraction. However, after the surfaces 
made contact, a large pull-off force of -67 
mN was required for their initial separation, 
and a strong attractive force persisted over 
several micrometers. For comparison, the 
pull-off force between two mica surfaces of 
comparable radii of curvature is - 12 mN 
(lo), and -9 mN for two silica surfaces 
(12); the range of attraction in either case 
does not exceed 0.1 pm. The strong, long- 
range mica-silica attraction is always associ- 
ated with the presence of opposite charges 
on the two materials as detected by the 
electrometers: the force is evidently elec- 
trostatic. No comparable charge transfer is 
observed with mica-mica and silica-silica 
contacts. 

The electrostatic attraction is strong 
enough to deform the materials elastically, 
bending the thin solids and stretching the 
epoxy glue that holds them to cylindrical 
glass lenses. This slight "pointing" effect, 
amounting to =25 nm per surface at small 
separations, is readily detected by the opti- 
cal interferometer (1 2). With two similar 
materials, no deformation is observed. 

Close examination of the separation 
force (Fig. 2) reveals certain values of D at 
which the magnitude of the attraction de- 
creased abruptly. Concomitant reductions 
in surface charge of 10 to 20% (-10 PC) 
were observed at each of these separations; 
otherwise, the charge remained constant 
(1 3). The abrupt reductions in charge were 
equal and opposite on the two front surfac- 
es, indicative of partial discharges across 

the gap between the solids, rather than 
through either solid substrate. These dis- 
charges (discussed below) occurred only 
when D reached certain values. The dis- 
charge separations were somewhat variable 
from experiment to experiment, but the 
first was always in the range 0.5 to 0.8 Fm. 
Time does not appear to be an important 
factor: no discharees occurred while the - 
surfaces were held at fixed separations up to 
3 pm for periods from 5 to 800 s. Further- 
more, discharges never occurred while sep- 
aration was being reduced. 

An approximate analysis of the distance 
dependence of electrostatic force in this 
experimental geometry is possible if certain 
simplifying assumptions are made. First, 
surface deformation is ienored. Second. the " 

two surfaces are modeled as infinite parallel 
plates, because the gap size (0 to 5 Fm) is 
much smaller than both the diameter of the 
charged area (- 100 pm) and the cylinders' 
radii of curvature (-20 mm). Third, the 
charge density of the plates is assumed to be 
uniform and equal to the total charge di- 
vided by the maximum contact area. 

In calculatine the force. one must con- - 
sider four layers of charge: the two front 
surfaces plus two grounded silver electrodes 
a few micrometers behind them. As the 
solids are moved apart, image charge accu- 
mulates in each electrode and the electric 
field across each solid increases. The field 
across the gap decreases even with constant 
charge on the front surfaces, in contrast to 
the constant field between ~arallel ~ la t e s  in 
a normal two-layer capacitor bearing fixed 
charges. The force per unit area FA at 
surface separation D is given by 

where a, is the magnitude of charge per unit 
area on each front surface, c0 is the permit- 

Fig. 2. Force measured between I I I 1 

charge and force build u p  over sev- 
eral (five to ten) successive con- 

crossed cylinders of mica (radius 
21.3 mm) and silica (radius 16.4 0 

mm) in dry nitrogen gas, as a func- 
tion of separation between closest 
points on opposite surfaces. Nega- 
tive force corresponds to attraction. , -20 

When the materials are brought to- 
gether for the first time, there is little % 
force between them ( + )  However, -40 
strong attractive forces (0) are 
measured on separating the surfac- 
es from contact; these forces are 
ascribed to electrostatic attraction -60 
after charge transfer between the 
materials. Note the breaks in the 
data at certain separations (0.75, 
0.97, 1.44, and 2.36 ~ ~ r n ) .  Both -80, 
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tacts even though the same area of surface is brought into contact each time; the data shown here 
are measured after ten touches. 
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Fig. 3. The separation data from Fig. 2 replotted o 
as force per unit area (using the measured 
contact area of 1.04 x lo-@ m2), together with 
a series of theoretical curves (Eq. 1) .  Each 
curve corresponds to a constant surface .;;; -2 

charge density a,, and the values (indicated on 
the figure) are consistent with electrometer 
measurements. The mica and silica have thick- 5 -4 nesses of 3.23 and 6.37 pm and dielectric c 

constants of 6.6 and 3.82. respectively. giving 
B = 2.16 pm. At certain separations there are 
partial discharges across the gas gap, and the -6 

force jumps from one curve to another at lower 
charge density. Lines connecting different o 1 2 3 

curve segments have the slope of the measur- D (km) 
ing spring stiffness (1.0 x lo5 Nim) divided by 
contact area. Integrating the force defined by the solid curve segments from D = 0 to 3 pm gives 
a work of adhesion of 6.6 Jim2. 

tivity of free space, and B Yl/Kl + Yz/Kz, 
with Y,, Y2 and K1, Kz the thicknesses and 
relative dielectric constants of the two sub- 
strates, respectively. 

Figure 3 replots the separation data from 
Fig. 2 normalized by contact area, together 
with five curves representing Eq. 1 for 
different a,. The data are fitted by a se- 
quence of constant-charge curve segments, 
with abrupt steps from each charge density 
to the next lower value at the discharge 
separations. Charge densities required to fit 
the data are within the range measured by 
the electrometer (1 4), and the reductions 
at each steD are 10 to 20%. consistent with 
the partial discharges noted above. 

A striking result of these experiments is 
the large work of adhesion, W, obtained by 
integrating the electrostatic force as a func- 
tion of separation (15, 16). The area de- 
fined by the solid line in Fig. 3 corresponds 
to W = 6.6 to 8.8 J/mZ, the lower value 
obtained by assuming that the surfaces dis- 
charge completely just outside the present 
range of measurements (3 km) and the 
higher value by assuming that no further 
discharges occur beyond 3 km. This value for 
W is com~arable to the work of cohesion of 
ionic and ionic-covalent solids obtained from 
fracture experiments (1 7). For example, frac- 
ture energies in dry nitrogen are 8.7 J/mZ for 
silica (18) and 1 to 2 J/m2 for mica (1 9, 20). 
In contrast. surface force aDDaratus measure- 

A & 

ments of adhesion between two like surfaces 
(determined ~rimarilv bv van der Waals or 
capillary forces rathe; than the original solid 
bonding) are equal to only 0.08 J/m2 for silica 
(1 2) and 0.1 1 J/m2 for mica (1 0). 

This experiment demonstrates that con- 
tact electrification can lead to strong adhe- 
sion. In general, electrostatic adhesion and 
other static electrical phenomena will re- 
quire (i) charge transfer in contact and (ii) 
subsequent charge separation. The amount 
of charge transferred in contact depends on 
many factors, including material type, elec- 
tronic structure, defects, adsorbates, surface 
roughness, and sliding. The amount of 

charge separated is limited by two possible 
recombination processes: tunneling as the sur- 
faces are first se~arated and discharges across - 
larger gaps. Tunneling, if it occurs, is not 
detected bv the Dresent electrometer arrange- 
ment, which measures surface charges at larg- 
er separations. However, it may be no coin- 
cidence that the measured charge densities 
create electric fields across the gap (0.6 x lo9 
to 2.3 x lo9 Vlm) that are comparable to 
typical field emission strengths: fields may be 
limited to these values bv tunneline across 
subnanometer gaps (16) as the surfaces are 
first separated. 

Discharges occurring between separating 
charged surfaces have been observed before 
(4. 21 ). but not at such small distances as ~ . ,, 

those reported here. What is interesting and 
important is that no discharges occur until the 
gap reaches micrometer dimensions, despite 
the fact that the electric field is very strong in 
much smaller gaps. The explanation can be 
found in theories of electric breakdown of 
gases (22). Breakdown at small gaps (the left 
side of the Paschen curve) occurs when a 
small number of initiatory electrons are am- 
plified by an avalanche mechanism involving 
ionizing collisions with gas molecules. Until 
the gap is comparable to the mean free path of 
electrons in the gas, there will be no discharge 
even at high field strength. In support of this, 
we have observed that, when the mean free 
path is reduced (by increasing the nitrogen 
pressure), the first discharge separation de- 
creases. At atmospheric pressure the surface 
charge survives to micrometer gaps (23), and, 
because the discharges are only partial, the 
materials retain some charge when they are 
separated to larger distances. 
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