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Abstract

The tribo-charging characteristics between toner and car-
rier beads were measured experimentally for various toner
concentrations in the flow-agent free toner-carrier systems.
We found that Lee’s low surface state density model could
fit the equilibrium charging data better than Schein’s model
which assumed high surface state density of carriers and
actually was a special case of the Lee’s model. However,
Lee’s model, which was based on the energy equilibrium,
could not apply to non-equilibrium transient case. In order
to describe the transient behavior of toner charging, a sample
kinetic contact model, which assumed random contact prob-
ability during toner-carrier tribo-action, was constructed.
The calculations of the new model showed excellent agree-
ment with the experimental data of Q/M versus time for
the various toner concentrations, and at infinite time, which
corresponded to the equilibrium state, the kinetic contact
model became identical to Lee’s model. As consequence,
both equilibrium and transient behavior could be described.

Introduction

Toner is mainly composed of polymer resin and carbon
black, together with other ingredients to give it the mag-
netic and triboelectric functions required for development,
transferring, and fixing onto paper during the electropho-
tographic processes.   Yet, in order to achieve the optimized
quality of printing, the triboelectric behavior of the toner
has to be well understood, empowering us to fully control
the tribocharges on each toner particles during development.
However, triboelectric phenomena , although discovered thou-
sands of years ago, are still mystic in many aspects especially
for the charging between insulating surfaces. In this study, we
would like to first experimentally observe the charging be-
havior of a simple extraparticulate-free toner and carrier
system. Then by using the experimental data in compari-
son with the existing tribo-electrification theories, it is hoped
that we can gain understanding toward this complicated
phenomenon, and build a quantitative model to describe the
charging behind the electrophotographic process.

Tribocharging is a phenomenon that when two materi-
als come in contact or undergo frictional movement, elec-
tric charges are generated around the contact area. This

phenomenon was discovered a long time ago, yet up to now,
physical meanings behind tribocharging are still obscure.
The first well-cited result of the study of the tribocharging
is the proposal of the triboelectric series.  However, the
physical interpretation was not available until 19th century.
Helmholz (1879)1 proposed that the tribocharging was a
result of differential contact potential between the two con-
tact materials.  Later on, theories based on dielectric con-
stant and ion transfer were suggested. In 1917, Shaw2 first
proposed that triboelectrification was due to ionic transfer.
Later, Henry3 provided a more complete theory in 1957
that ionic transfer was due to the difference in the binding
energy ∆U of the ions at the two contact surfaces. The ion
flow continued until the binding energies between the two
surfaces were equal, from which the relationship between
the surface electric density σ and ∆U can be derived. In his
theory, ion transfer was possible between surfaces of the
same material.  The difference in the ionic density on the
surface or local temperature can trigger the flow of the ions,
causing the triboelectric effect.  The origins of the ions were
explained later by Kornfeld (1969)4 by a theory based on
the electric defects on insulators. In 1977, Ruckdeschel and
Hunter5 also proposed thermoio-nic theory to support the
ionic transfer theory. However, in 1980, Lowell and Rose-
Innes6 pointed out that the electric density σ calculated
based on the ionic transfer theory is greater than that ob-
served.

The viewpoint of electron transfer by Helmholz was
extended by Harper (1951) who proposed that the so called
“contact potential” of metals may be the difference in the
Fermi level of the two contacting materials. In 1967, Harper7

further pointed out that the triboelectrification between
metals is due to the difference of the work function of the
contact surfaces via electron tunneling to achieve the ther-
modynamic equilibrium, or the equalization of the Fermi
level. Based on this model, the tribocharges Q can be ex-
pressed as

Q = C (φM1 - φM2)/e

where C is the resulted capacitance between the two met-
als, φM1 and φM2 are the work functions of the metals. This
result was later proved experimentally by Harper8 and by
Lowell.9 The success of the work function theory for met-
als prompted the research work extending it into the realm
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of insulators. In 1969, Davies10 found that the triboelectric
charge on polymer surfaces was related to the work func-
tion of the contacting metal.  It was also found that the
work function theory could be used to explain the experi-
mental results of the earlier workers of Henniker, Fukada11,
and Fowler.  In 1974, Wahlin12 and Backstrom also pub-
lished similar results.

The work function theory based on electron transfer
was then employed to study the triboelectrification of ton-
ers in the electrophotographic processes.  In 1978, Lee13

proposed a surface interaction model  (the low energy den-
sity model) based on electron transfer to explain the
tribocharging behavior of toners.  It was asserted that when
toner came in contact with the carrier beads, electrons
flowed from the surface that had the lower work function
to the other contact surface, until the Fermi levels of the
two surfaces became equalized.  Consequently, the electric
charges generated from triboactions can be described quan-
titatively by the following equation:

Mt /Qt = rc (Mt /Mc)ρc /(3efcNc ∆φ) + rtρt(3eftNt ∆φ)

where Mt is the toner weight, Mc is the carrier weight, rt

and rc are the diameters of toner particles and carrier beads
respectively, rt and rc are the true densities of toner and
carrier respectively, Nt and Nc are the energy densities of
toner and carrier respectively, fc and ft are the effective frac-
tional surface area during contact of toner and carrier re-
spectively, and ∆φ is the difference of the electron work
function of toner and carrier.  The linear relationship be-
tween M/Q and Mt/Mc was verified by experiments.  Fur-
thermore, in 1988 Nash and Bickmore14 published their
results that showed the relationship between charge and
toner concentration to be

Qt / Mt = At / (Mt / Mc + b),

where At and b are constants.  This result is consistent with
the prediction of Lee’s model.

Also in 1988, Bugner and Anderson15 studied the
triboelectrification of the toner made of polystyrene grafted
with phosphoium sulfonate salt, and found that the electric
charge on the toner was always positive, independent of
whether the ionic functional groups are positively or nega-
tively charged. This important result indicated that elec-
tron transfer, instead of the ionic mechanism, is the more
likely explanation for the tribocharging behavior of toner.

In 1989, Anderson16 further considered the case of non-
uniform distribution of the energy state density on the sur-
faces.  Due to local fluctuation of work function, both toner
and carrier could accept and donate electrons during the
contact charging. The triboelectric charge thus generated
on the toner could be expressed as

Mt / Qt = [ (Ac + Dc) / (AcDt - AtDc) +
( Mt / Mc) (At + Dt)/ (AcDt - AtDc) ] / e

where Dt and Dc are respectively the donor energy states of
toner and carrier, At and Ac are the acceptor energy states of
toner and carrier respectively. This result can be reduced to
Lee’s model for uniform density distribution where the condi-
tions of 4π rt

2Nt = Dt >> At and 4π rc
2Nc = Dc >> Ac hold.

In 1992, based on the same work function model of
Lee’s, Schein17considered the condition that the difference
in energy states between the two contact surfaces was very
large.  In this case (the high surface state density limit), the
surface that possessed the larger number of energy states
served as the “reservoir” during electron transfer, viz. the
Fermi level of the surface with high work function increased
during electron transfer while the Fermi level of the low
work function surface remained unchanged.  Schein fur-
ther considered the effect of electrostatic force due to the
electron transfer, and assumed that the electron flow would
continue until the electric field between the two contact
surfaces equal to the work function difference.  With this
criterion, the electron transferred can be expressed  as

Mt /Qt = rc(Mt /Mc)ρc /(3ε0Ee) + rtρt /(3ε0Ee)

where Ee is the electric field between toner and carrier.
Gutman and Hartmann18 subsequently obtained the surface
density σtc of the tribo-charges under an external field to be

σtc = ε0 (φt - φc)/(ez - ε0E) [1 +(1/Nt + 1/Nc) ε0 / (e2z)]

Recently, Anderson19 generalized the models of Schein
and Lee by considering the work function changes in toner
and carrier and the effect of electrostatic field.  At the equi-
librium between the two contact surfaces, there should ex-
ist a relation between the work functions, electric field, and
the change of Fermi levels, i.e.,

(φt - φc ) e = ∆µt  - ∆µc + eV

where, ∆µt and ∆µc are the change of Fermi level in toner
and carrier respectively during tribo-contacts, and V is the
potential difference between toner and carrier.   Therefore
the relationship between Qt and (Mt/Mc) is

Mt /Qt = - z[(ε0rtρt /Ntez) + (Mt /Mc)(ε0rtρt /Ntez) +
      ertρt + (Mt /Mc)ercρc /[3ε0 (φt-φc)]

At the high density limit, where  ε0 /Nte2z <<1 and ε0 /
Nce2z <<1, the equation reduced to the form derived by Schein.
While at the low density limit, i.e., ε0 /Nte2z>> 1 and ε0 /Nce2z
>>1, the equation reduced to Lee’s equation.

All three models by Lee, Schein, and Anderson, how-
ever, are theories based on global equilibrium, therefore,
they can not predict the transient behavior of toner charg-
ing. This study compares the experimental charging data
of the extraparticulate free toner with the predictions of the
three models, and a dynamic model to describe the tran-
sient behavior of toner charging is presented here.

Experimental Procedures

The toner used throughout the whole experiment are the
extraparticulate free SX compatible toner kindly supplied
by the Trends Tone Company.  The average diameter of the
toner particles was  around 13.0 µm.  The true density and
apparent density were 1.5 and 0.53 g/cm3 respectively.  The
carrier beads (Powder Tech; F141-1030) were acrylate
coated ferrite particles with the diameter around 82 µm.
The true density and apparent density were 5.5 and 2.6 g/
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cm3 respectively.  The three types extraparticulates used
here were high purity (99.8%) amorphous fumed silica sur-
face treated to yield hydrophobic surface properties: R805;
R504 from Degussa and T720 from Cobolt.

To study the tribocharging behavior of toner, the
extraparticulate-free SX-compatible toner was blended with
carrier beads by a fixed weight fraction before putting in a
roller mixer for tribo-charging. The roller mixer turned 200
rpm, and the mixing lasted for a fixed length of time, rang-
ing from 1 minute to 1000 minutes. For the study of the
extraparticulate effect on toner charging, a fixed amount of
extraparticulate was blended into toner by a V-blender be-
fore tribocharged with the carrier. After mixing in the roller
mixer, the tribocharged toner was analyzed by Q/M and Q/
D meter to measure the tribocharges on toner.

A Q/M meter (Epping GMBH; Q/M meter type 05)
was used to measure the average toner charge normalized
to toner weight after mixing with carrier beads.  The charge
distribution was obtained by using the Q /D meter (Epping
GMBH) with which toner population versus Q/D, (where
D is the diameter of toner particle), was measured by opti-
cally detecting the optical density profile versus flight length
of the toner laminar flow between two charged parallel
plates.   A SEM (JEOL; JSM 5200) was used to examine
the toner, carrier, and the extraparticulate before and after
tribocharging.

Results

Experimental Result of Toner/Carrier Tribocharging
It was found that the Q/M value of the tribocharged

toner increased with the mixing time followed by a satura-
tion to a level-off value. As shown in Figure 1(4-1), this be-
havior is followed for different toner concentration Ct, defined
as weight fraction of toner in the toner/carrier mix, from 2.5%
to 30%. On the other hand, for a fixed mixing time, the Q/
M value decreased with the toner concentration.

Comparison of Experimental Data with the Existing Models
As mentioned in the Introduction, there are three sur-

face charging models based on electron transfer: Lee’s
model, Schein’s model, and Anderson’s model.  These three
models have predictions on the relationship between toner
charge Mt /Qt and the weight ratio Mt /Mc:

Lee’s Model:
Mt /Qt = rc(Mt /Mc)ρc/(3efcNc∆φ) + rtρt /(3eftNt∆φ) (1)

Schein’s Model:
Mt /Qt = rc(Mt /Mc)ρc/(3ε0Ee) + rtρt /(3ε0Ee),
where   Ee = (φc - φt) / ez   (2)

Anderson’s Model:
Mt /Qt = - z(ε0rtρt /Ntez) + (Mt /Mc)(ε0rtρt /Ntez) + ertρt

+ (Mt /Mc)ercρc/[3ε0 (φt-φc)]   (3)

All three models predict a linear relationship between
Mt /Qt and Mt /Mc, the slope and intercept, however, represent
different physical meanings for each model. We will utilize
the obtained experimental data to compare with the predic-
tions of the three models, and discuss the physical meaning of
the empirical quantities obtained from the comparison.

Figure 1. Toner tribocharge Q/M versus mixing time for various
toner concentration Ct’s.

Figure 2. M/Q versus Mt /Mc.

As shown in Figure 2, the experimental data indeed
shows a linear relationship between Mt /Qt and Mt /Mc, con-
sistent with the prediction of the models.  We can further
use the value of  slope and intercept to calculate the vari-
ous physical quantities in Equations 1, 2, and 3.

First of all, we can use Equation 2 to calculate the elec-
tric field Ee and the distance z, the separation above which
electrons cease to transfer.  However, we found that the
electric field Ee calculated from the slope and the intercept
are not identical, one being about 30 times greater than the
other.  Furthermore, the z distance, calculated from (φc - φt)
/ Eee using (φc - φt)  1 ev, are approximately 3.8 nm and
123.8 nm respectively for calculation from slope and inter-
cept.  These value obviously are too large for insulators.
For metal-insulator tribocharging, z values had been re-
ported to be around 0.5 nm.  Analyzing the experimental
data reported by Anderson and Gutman and Hartmann also
found the same discrepancy observed in our data, indicat-
ing that the high density model probably is not suitable for
describing the charging of toner.
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In fact, we can calculate the z value direct from the Q/
M data by approximating the local contact between toner
and carrier to behave similarly to a capacitor, where the
potential w is the work function difference ∆φ given as

w = ∆φ = Q2/(2C) = Q2/[2Aε0/d] = Q2z/(2Aε0)

The charge Q can be calculated from the Q/M data to be
around 3.3 esu charge per transfer20.  Let ∆φ = 1ev, and A =
πz2, the z is calculated to be 0.54 nm, in good agreement
with that reported for metal-insulator contact charging.

The surface state density Nt and Nc on toner and car-
rier surface respectively was calculated using the slope and
intercept in Figure 3 by Equation 1.  The ratio of Nc/Nt,
calculated to be around 33, seems to be an acceptable re-
sult.  In fact, the ratio of Nc/Nt was found to be very close
to the surface areal ratio between carrier and toner.

Figure 3. Comparison of calculation of the dynamic model (dash
line) with experimental Q/M data for Ct = 2.5%.

It is therefore concluded that the Lee’s model is more
appropriate for the toner-carrier system studied in this re-
search. Also, at the limit of low density of ε0 /Nte2z>> 1 and ε0

/Nce2z >>1, Equation 3 (Anderson) reduced to Equation 1.

The Dynamic Model of Tribocharging Between Toner
and Carrier Beads

Although the previous models can satisfactorily de-
scribe the charge equilibrium behavior of toner, they can-
not describe the transient behavior.  As shown in Figure 1,
it may take as long as 5 minutes (Ct = 2.5%) to achieve the
charge equilibrium to be described by the work function
model.  Therefore, as an extension of the previous equilib-
rium models, we assume the work function concept for lo-
cal equilibrium to construct a dynamic model which may
describe the transient behavior of toner.

The dynamic model is built upon the following assump-
tions: 1) charge transfer takes place only when a toner par-
ticle is contacting a carrier bead; 2) the tribocharging is
limited to the surface and the surface properties is uniform
for toner particles and carrier beads.  3) local charge equi-
librium is achieved by local charge transfer during a single
contact, and the local spots that have undergone charge

transfer are not able to undergo another charge transfer;
and finally 4) the probability of contact between a toner
particle and a carrier bead is independent of time.

We consider an “average toner particle” tribo-charg-
ing with an “average carrier bead” and divide the tribo-
charging process into many infinitesimal equal time
segments.  We also define Pi to be the probably that the
toner particle acquires charge transfer during contact with
the carrier bead in the i-th time segment; Ψ(Ct) to be prob-
ably of contact between the toner particle and the carrier
bead during an infinitesimal time segment,  A to be the
total surface area of the toner particle; B to be the total
surface area of a carrier bead; a and b to be the effective
local contact area respectively on toner and carrier during
tribo-contact, q to be the amount of charge transfer during
one contact, rt and rc to be radius of the toner and carrier
respectively, ρt and ρc to be the density of the toner and
carrier respectively, and finally n to be the number ratio
between toner and carrier in the toner/carrier mix.

It is evident that the probability for charge transfer be-
tween the toner particle and carrier bead at the i-th time
segment, Pi, should be equal to the product of Ψ multiplied
by the fractions of effective surface area capable of charge
transfer on toner and carrier.  Since at the first time seg-
ment no surfaces have undergone charge transfer, the ef-
fective area fraction on both toner and carrier being 1,
therefore, P1 can be readily expressed as

P1 = 1 × 1 × Ψ.

At the second time segment, the area fractions have to
be reduced by the amount that have undergone charge trans-
fer, so we have P2 = (1-P1a/A)(1-P1nb/B)Ψ. Substitute P1

into P2, we have P2 = [1 - aΨ/A - nbΨ/B + nabΨ2/(AB)]Ψ
 (1 - aΨ/A - nbΨ/B)Ψ, since nabΨ2/(AB) << aΨ/A or

nbΨ/B.   For the sake of convenience, let c to be [1 - aΨ/A
- nbΨ/B], therefore, we have

P2 = cΨ

Similarly, P3 can be written as
P3 = (1 - P1a/A - P2a/A)(1 - P1nb/B - P2nb/B)Ψ

= (1-aΨ/A - acΨ/A)(1-nbΨ/B - nbcΨ/B)Ψ
 [c - caΨ/A + cnabΨ2/(AB) - cnbΨ/B +
 cnabΨ/(AB) + c2nabcΨ/(AB)]Ψ
 cΨ[1 - aΨ/A - nbΨ/B + nabΨ/(AB) +
 cnabcΨ/(AB)]
 cΨ(1 - aΨ/A - nbΨ/B) = c2Ψ

and

P4 = (1 - P1a/A - P2a/A - P3a/A)(1 - P1nb/B - P2nb/
B - P3nb/B)Ψ  c3Ψ

and we should have a general form for Pt to be

Pi  c(i-1)Ψ

Therefore, the total charges accumulated on a toner
particle, q’, should be q∑Pi  = qΨ(1-ci)/(1-c), and the total
tribocharges of the toner, Qt, should be q’ multiplied by the
total number of toner particles, i.e., Qt = qΨ(1-ct)/(1-c) ×
Mt/(4πρtrt

3/3).  Consequently, we obtain
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     Qt / Mt = qΨ(1-ci)/(a/A + nb/B)(4πρtrt
3/3). (4)

The contact probability Ψ can be estimated by the prod-
uct of swept volume during the time segment ∆t by a trav-
eling toner particle with velocity υ and the number of carrier
beads per unit volume,

Ψ = π(rt + rc)2 υ∆t × 3 Mc/(4prc
3ρc)/(Mt/ρt + Mc/ρc)

Since the probability is uniform in time, we select a
time segment corresponding to Ψ = 1.  That is,

∆t = 4rc[1 + (ρc/ρt)(Mt / Mc)]/3v  4rc/(3υ).

With this choice of time segment, Equation 4 can be
rewritten as

 Qt (t)/ Mt   = q[1-c(t/∆t)]/(a/A + nb/B)(4πρtrt
3/3)

      = [1-c
ζt]/[rtρt/(3q/a) + rcρc(Mt / Mc)/(3q/b)] (5)

where ζ = 3υ/(4rc).  At equilibrium, t approaches infinity,
and Equation 5 can be expressed

Mt/Qt (t) = rtρt/(3q/a) + rcρc(Mt / Mc)/(3q/b) (6)

If we use the definitions of q/a Nce∆φ q/b  Nce∆φ, Equa-
tion 6 reduced to a form identical to the Lee’s equation
(Equation 1).

Calculation from Dynamic Model Compared with the
Experimental Data

The derivation of the transient behavior of Q/M for
toner charging using the dynamic model is in excellent
agreement with the experimental data.  The constant a and
b were first measured by using the equilibrium Q/M data
and then the time dependent curve of Equation 6 was cal-
culated with a single fitting parameter ζ.  Figure 3 shows
excellent agreement with the experimental data for Ct =
2.5%.  The same agreement was also observed for all other
data of different Ct’s.

The dimensions of the local contact calculated from
the data using Equation 6 are quite reasonable.  The local
contact area a on a toner particle was found to be around
0.09 µm × 0.09 µm, and the corresponding contact area b
on carrier bead  was approximately 0.05 µm × 0.05 µm.
Using spherical topography for the particles, the radial
thickness of the contact area is approximately 17 nm for
toner and 0.8 nm for the carrier.

Conclusions

It therefore can be concluded that:
1. The high density model cannot describe the

tribocharging behavior of toner. On the other hand, the low
density and the Anderson model can better explain the equi-
librium charging process of tribo-action between toner and
carrier.

2. A dynamic charging model was developed to de-
scribe the transient behavior of toner charging. The model
was constructed based on assumptions of instantaneous
local equilibrium by electron transfer across a work func-
tion difference between toner and carrier.  Excellent agree-
ment was found between the prediction of this model and
the broad experimental data. The scales of the local con-
tact on toner and carrier were found to be of atomic scale.
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