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Introduction
The electrical conductivity of two-component developers
is an important parameter that affects the solid area, line,
and halftone development efficiency and background de-
velopment in xerography. Experiments with insulating de-
veloper materials show strong line edge development,
associated with electrostatic fringe fields, but poor fill-in
of large uniform solid areas. In contrast, experiments with
conductive developer materials show that fringe field de-
velopment is suppressed and solid area development is
more uniform. These characteristics have been investi-
gated for two-component development in earlier work.1–3

Hays2 has considered the flow of charge through a con-
ductive developer and the dependence on electric field,
magnetic field, toner concentration, and developer agita-
tion. Hoshino4 has also investigated the dependence of
developer conductivity on electric and magnetic fields. He
pointed out that the current increases more rapidly than
linearly with the electric field, and he suggested that con-
duction is limited by the oxide layer on the surface of the
metal carrier beads. Nash and Bickmore5 have discussed
the aging process for conductive developers. They found

This study is an investigation of the electrical conductivity of
two-component developer materials using a measurement cell
that reproduces the electric, magnetic, and geometric character-
istics of the xerographic development zone. Measurements were
made on model developer materials having a range of properties.
The measured current depends on whether the developer roll is
at rest or rotating. For the static case, the dependencies of two-
component developer conductivity on electric field, toner concen-
tration, toner and carrier size, and carrier surface roughness were
measured. A physical model is proposed, compared to the mea-
surements, and shown to describe the major observations. For
the dynamic case in which the roller is turning during the mea-
surement, there are additional current contributions due to con-
tact charging of the developer with the electrodes and
displacement currents due to motion of charged toner and car-
rier particles. A physical model for the voltage dependence is pro-
posed and used to separate the currents.
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that both the carrier conductivity and the coefficient for
the dependence of developer conductivity on toner concen-
tration, α, change over time with developer usage. They
identified carrier abrasion and toner impaction as the key
underlying physical mechanisms responsible for these
changes.

This study presents an investigation of the electrical con-
ductivity of two-component developer materials using a
measurement cell with a development roll that reproduces
the electric, magnetic, and geometric characteristics of the
xerographic development zone. Developer conductivity de-
pends on several externally controllable parameters, such
as applied voltage, magnetic field, developer roll speed, and
toner concentration, as well as on material design param-
eters, such as toner and carrier size, composition, and shape.
Consequently, to understand the underlying physical
mechanisms, a systematic investigation is needed in which
the individual phenomena are separately modeled. The first
part of the study investigates static mode measurements
when the developer roll is at rest. This part is subdivided
into an investigation of carrier beads without toner par-
ticles and an investigation of developers with varying con-
centrations of toner. The second part of the study examines
dynamic mode measurements when the developer roll is
turning. Although dynamic mode measurements are con-
sidered, our emphasis is on the static mode measurements.
A final section summarizes our findings.

The geometry of the carrier and toner particles in the
zone between the measurement electrode and the roller is
complicated. The carrier typically has a metal core sur-
rounded by an oxide layer, which in turn may be partially
covered by an insulating layer of polymer. The toner par-
ticles break the electrical contacts between beads. When
a voltage is applied between the roller and the electrode,
the voltage drop is across the oxide layers and toner par-
ticles, because the metal cores act as electrical short cir-
cuits. The toner particles are much more insulating than
the oxide layers, so the current will flow only through the
metal cores and oxide layers, and the magnitude will be
controlled by the oxide layers. Consequently, the system
can be represented by a simplified geometry of two metal
electrodes and an oxide film that simulates the cumula-
tive effect of all the contacting oxide surfaces of the car-
rier beads.

Metal–oxide conduction6 can be described by a Schottky
model if the conduction is limited by the metal–oxide in-
terfacial barrier,
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where βs = (e3/4πε)0.5; or by the Poole–Frenkel model if the
conduction is limited by the bulk oxide,
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where βpf = (e3/πε)0.5. In the case of the Schottky model,6

the prefactor J0 is independent of the applied electric field
E if the electron mean free path λ is greater than the ox-
ide layer thickness, and J0 is equal to (σ0E) if λ is much
less than the oxide layer thickness. For our situation, we
believe that λ is small compared with the oxide layer thick-
ness; consequently, for a single oxide layer, both models
lead to a current density of the form:
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2kT
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, (1)

where J0 is the low field current density given by σ0E, E is
the applied electric field, σ0 is the ohmic conductivity, e is
the electronic charge, ε is the dielectric permittivity, k is
Boltzmann’s constant, and T is the absolute temperature.

The relation between the current through a single ox-
ide layer, Eq. 1, and a bed of developer consisting of many
carrier beads is a complex problem that we do not address
explicitly. However, the electric field dependence is ex-
pected to be similar to Eq. 1. Consequently, we assume
the following dependence of current on applied voltage,

I = G0V exp (BV0.5) = GVV, (2)
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where G0 is the Ohmic conductance, V is the applied volt-
age, and B is the Poole–Frenkel related parameter
(e3/πεl)0.5/2kT. We interpret l as the effective thickness
of the oxide film that simulates the cumulative effect of
all the oxide surfaces on the carrier beads. Because all
measurements in this study were made at room tempera-
ture, we have incorporated kT into the parameter B.

Measurement Procedure
We used the miniature magnetic brush cell illustrated

in Fig. 1. The cell includes a magnetic brush roll, made
with a 3.8 cm diameter by 9.5 cm long nonmagnetic steel
cylinder with a surface of approximately 13 µm roughness,
which helps transport the developer material. The cylin-
der is rotated by a motor at a surface speed of 25 cm/s.
Inside the cylinder, there is a stationary permanent mag-
net assembly whose shape was designed to give the mag-
netic field profile shown in Fig. 1. This profile approximates
the magnetic fields used in xerographic development. A
trim bar with an adjustable gap is located at the three
o’clock position, where the tangential magnetic field is
strong. The cell holds about 50 cc of carrier or developer
material. The top of the cell is a segmented flat plate with
a rectangular measurement electrode surrounded by a
guard electrode. The rectangular electrode is 0.5 cm wide
by 6 cm long. It is located in the constant radial magnetic
field of the development zone. The current was measured
using the ammeter mode of a Keithley 610C electrometer.
Figure 1. Diagram of the experimental measurement cell. The
cylinder can be rotated. Inside the cylinder are two stationary
magnets. The radial and tangential magnetic fields generated
by the magnets are also shown.
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The measurement procedure is described next. First,
both the trim bar gap and the cylinder-to-electrode gap
were set to 2.54 mm. Approximately 50 cc of developer or
carrier material was put into the cell, and the steel cylin-
der was rotated for 3 min. Two measurement modes were
used: static and dynamic. For the static measurement, the
cylinder was stopped, the voltage was applied, and a cur-
rent reading was made 15 s later. To measure the I–V char-
acteristic, this process was repeated with voltages stepped
in equally spaced √V increments. The voltage was in-
creased until breakdown occurred or until 1000 V was
reached. In some cases, the current for a fixed voltage was
measured, and we calculated the developer conductivity,
using the expression

    
σV =

ls

A
I
V

=
ls

A
GV ,

where ls is the cylinder-to-electrode spacing, A is the area
of the electrode, and I/V is related to GV by Eq. 2. A posi-
tive voltage was usually applied to the cylinder. Measure-
ments were also made with negative voltages; within the
precision of the measurements, in the static mode the po-
larity did not affect the magnitude of the current.

For the dynamic measurement, the voltage was applied
and the current was measured while the cylinder was ro-
tated. Two instruments were used to measure the dynamic
current, i.e., the ammeter mode of the Keithley 610C elec-
trometer or an xy plotter connected across a small preci-
sion resistor. With the xy plotter, the current was recorded
as a function of the applied voltage, which was increased
linearly in time. To measure the I–V characteristic, the
voltage was stepped, following a procedure similar to the
static mode of measurement. The dynamic mode conduc-
tivity was defined as the slope of the I–V data at 0 V. The
xy plotter method facilitated this measurement.

Preliminary measurements indicated that the conduc-
tivity depended on the angular position of the magnet as-
sembly with respect to the top plate. This effect was
investigated to select a standard angular position for the
magnet assembly and a standard width for the measure-
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ment electrode. The angular position of the magnet as-
sembly was defined by the angle between the line normal
to the electrode surface and the line normal to the devel-
opment magnet. The magnet assembly was positioned at
various angles over a range of ±30°. For each position, the
static mode conductivity was measured as shown in Fig.
2. The conductivity varies smoothly with magnet angle
and exhibits a broad minimum centered at 0°. The elec-
trode width was selected to match the region where the
conductivity was approximately constant. With this choice,
the variation in conductivity would be small if the angu-
lar position of the magnet were in error by a few degrees.
3

Figure 2. Measurements of the conductivity as a function of the
angular position of the magnet assembly. The calculated strength
of the magnetic force is shown for comparison. There is good cor-
respondence between the measured conductivity and the calcu-
lated magnetic force.
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We will briefly discuss the physical mechanism for the
dependence of conductivity on the angular position of the
magnet assembly. The key variable is the magnetic force,
which compresses the developer material and improves the
contacts between carrier beads. For carrier beads in a uni-
form magnetic field, Hoshino4 showed that the conductiv-
ity increased with the strength of the magnetic field. In our
case, the magnetic field and the associated magnetic force
vary with the angular position of the magnet assembly. To
examine the effect more directly, the magnetic force was
calculated from the magnetic field measurements shown
in Fig. 1. We show in Fig. 2 that over the small range of
magnetic force generated by our magnet assembly, the con-
ductivity correlates with the strength of the magnetic force.

Investigation of Static Mode Conductivity
Carrier Beads. Many model carrier materials were

prepared and measured. For this section, four carrier bead
samples with different size, shape, and surface roughness
were selected. Scanning electron micrographs of these car-
rier beads are shown in Fig. 3. The surface oxidation of
the samples was monitored by the color, which varied from
silver to blue. The rough-round and the smooth-grit carri-
ers had a bluish color, indicating either more oxide or a
different species of oxide than was indicated by the sil-
very gray color of the other two carriers. Figure 4 shows
the current–voltage data measured in the static mode for
four carrier samples with different morphologies, particu-
larly surface roughness and shape.
A nonlinear least-squares method was used to determine
the two parameters G0 and B in Eq. 2, as shown in Table I.
We found that the I–V data can be accurately represented
by Eq. 2. Data for other carrier bead samples with similar
morphology but from different lots can also be represented
by Eq. 2, but the values of G0 and B vary somewhat. Ex-
6     Journal of Imaging Science and Technology
periments were done to check that this variability was
not caused by the measurement procedure. We attribute
this variability to variations in the amount and type of
oxide on the carrier surface, which was not characterized.
The experiments reported in this study were designed so
that these variations did not influence our interpretation
of the data.
TABLE I. Values of G0 and B for Four Types of Carrier Beads

Morphology Smooth-round Rough-round Smooth-grit Rough-grit

G0 (Ω–1) 1.2 × 10–7 7.0 × 10–6 1.3 × 10–9 3.8 × 10-6

B (V–0.5) 0.78 0.46 0.83 0.78
There is no obvious relationship between the morphol-
ogy and the values of G0 and B; evidently these values
depend on the surface oxidation, although additional ex-
periments are required to determine the detailed depen-
dence. The value of B ranges from 0.5 to 0.8 V–0.5. The
effective oxide layer thicknesses calculated from these
values are 0.25 to 0.6 µm, using a value of 14 for the di-
electric constant of ferrous oxide.7 The thickness of the
oxide layer on the surface of the carrier bead sample in-
ferred from measurements of the weight fraction of oxy-
gen, about 10–3, is 0.1 µm. Although this is the same order
of magnitude as the effective oxide thickness deduced from
conductivity measurements, a careful comparison requires
a model of the developer using a parallel and series resis-
tor network, which is beyond the scope of this study.

From Fig. 4, we conclude that the shape of the current–
voltage curve can be accurately represented by an equa-
tion of the form of Eq. 2 with appropriately chosen values
of the parameters G0 and B.
Developers. The current–voltage characteristic is modi-
fied if toner is mixed with carrier beads. A developer was
prepared by mixing toner and carrier. The toner concen-
tration of the developer was reduced with a three-step pro-
cedure. First, the developer was split into two portions.
Second, toner was removed from one portion. Finally, the
carrier recovered from this portion was blended back into
the other portion and mixed.

The I–V curves were measured for developers made us-
ing rough-grit carrier beads of about 100 µm diameter, which
had a small amount of polymer coating to control the tri-
boelectric charge. The small amount of polymer coating had
no appreciable effect on the I–V curves. A commercial toner
with a number median diameter of 9 to 10 µm was used.
The I–V measurements made on these developers are shown
in Fig. 5. The data set for each toner concentration was fit
to Eq. 2. The results, which are displayed in Fig. 6, show
that the parameter B is independent of toner concentra-
tion. However, the Ohmic conductance parameter, G0, de-
creases rapidly as toner concentration is increased. Hoshino4

obtained similar results. Recognizing that B is independent
of toner concentration, another fit was calculated using all
the data, but with a single value of B and separate values
of G0 . This result is shown by the lines in Fig. 5. Table II
lists the values of G0 and B for the separate data sets, as
well as the G0 values for the second fit with a common value
of B. The differences between the two sets of G0 values are
not significant.  The G0 data in Table II and Fig. 6 can be
represented approximately by an empirical relationship of
the form:

G0 (C) = G0(0) exp (– αC), (3)

where C is toner concentration, G0 (0) is the ohmic conduc-
tance when C equals 0, and α is a parameter that charac-
terizes the semilogarithmic slope. The value of α from a fit
Gutman and Hartmann



Figure 3. Scanning electron micrographs of four types of uncoated carrier particles: (a) smooth–round, (b) rough–round, (c) smooth–
grit, (d) rough–grit.
of Eq. 3 to the data in Table II is 3.1 ± 0.3, with an index of
determination of 0.98. This fit is not shown in Fig. 6; the
curved line shown there is drawn through the data points.
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TABLE II. Values of G0 and B for a Developer with Various Toner
Concentrations

Toner concentration (%) Individual data sets Combined data sets

G0 (Ω–1) B (V–0.5) G0 (Ω–1) B (V–0.5)

0.16 6.3 × 10–7 0.48 5.7 × 10–7 —

0.55 2.2 × 10–7 0.51 2.3 × 10–7 —

1.30   4.8 × 10–8 0.51     5.0 × 10–8 —

1.55   1.3 × 10–8 0.53     1.5 × 10–8 —

1.97   3.0 × 10–9 0.51     3.1 × 10–9 —

2.32    5.6 × 10–10 0.62     9.5 × 10–10 —

2.77    2.0 × 10–10 0.47     1.6 × 10–10 —

All — — — 0.50
Model for Dependence of Conductivity on Toner
Concentration. Toner particles are much more insulat-
ing than the carrier beads. Consequently, if a toner par-
ticle rests in a junction between a pair of carrier beads,
conduction is essentially cut off. We assume that the de-
veloper conductivity is given by the conductivity of the
carrier beads times the probability of contact between
them. The probability of contact depends on the toner con-
centration, which is related to the number of toner par-
ticles per carrier bead, n, by

    
C =

nρtr
3

ρC R3
,

where ρt (ρC) is the mass density of the toner (carrier) and r
(R) is the radius of the toner (carrier) . (Here C is expressed
as a mass fraction; however, in the data analysis and plots,
C will be expressed in parts per hundred, percent.)

Williamson, Greenwood, and Harris8 have examined the
influence of insulating dust particles on the electrical con-
ductivity between a small gold needle with a hemispheri-
cal tip and a flat gold substrate. They showed that the
probability of contact between the needle and a flat sur-
face in the presence of n dust particles is given by

    
P0 = exp − An

S





, (4)

where the area, A, is the region of influence of the dust
particle in preventing a contact, and S is the area over which
the dust particles are scattered. A key idea in the work of
aterials          Vol. 40, No. 4, July/August 1996     337



3

Figure 4. Current–voltage measurements of the four carrier ma-
terials shown in Fig. 3. The solid lines are calculated using Eq. 2
and the values of the parameters G0 and B determined by a non-
linear least-squares method. The data for the rough–round car-
rier are referred to the right-hand scale.
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Figure 5. Current–voltage measurements of a developer mate-
rial for different values of toner concentration. The solid lines
were calculated using Eq. 2 with separate values of G0 for each
toner concentration and a common value of the parameter B.
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Williamson, Greenwood, and Harris is that a dust particle
need not be at the point of contact to prevent contact; but,
it will prevent contact if it is anywhere within a certain
distance from the point of contact. We will use this result to
build a model for carrier beads covered with toner particles.

Smooth Spheres. The top of Fig. 7 illustrates two smooth,
spherical carrier particles with radius, R, in contact with a
toner particle of radius, r, positioned as close as possible to
the point of contact without breaking it. The distance, x, of
the toner particle from the axis defines the region of influ-
ence denoted by A, which is approximately 2πrR. Analo-
gous to the geometry of Williamson, Greenwood, and Harris,
the probability of contact at a junction between a carrier
bead covered with toner particles and one without any toner
particles is, from Eq. 4, P0 = exp(– ρC R2C/2ρt r2), where we
have used S = 4πR2 for the area of the carrier bead. For the
case of two adjacent carrier beads, each covered with toner
particles, the joint probability of contact is the square of
this probability, namely P0

2.

The current flow in a 3-D developer layer depends on

the arrangement of conducting junctions formed. This
problem could be addressed using percolation models, but
that approach will not be treated here. We propose two
cases for current flow. In one case, the local electric field
is assumed to be aligned with the direction of the applied
field, and current flows only through the contacts in that
direction. For this 1-D case, the joint probability of con-
tact is P0

2. In the other case, we assume that the local
electric field is not aligned with the applied field, so that
the local current does not necessarily flow in the direction
of the applied field. Hence, for this case, we think of the
developer as a 3-D network of unit cells having cubic sym-
metry. Each unit cell comprises a current-donating bead
and three beads that could receive current. The maximum
conductivity of the unit cell occurs when all three junc-
tions conduct, which has a joint probability of contact of
(P0

2)3. Alternatively, the smallest nonzero value of conduc-
tivity for the unit cell occurs when only one junction con-
ducts, with probability P0

2, similar to the probability for
the 1-D case.

For the purpose of analysis of the developer conductiv-
ity data, we have selected (P0

2)3 to use in the model, be-
cause this term gives values of carrier radius inferred from
the conductivity data that agree with the measured val-
ues. With this assumption, and using Eq. 4, the probabil-
ity of contact is

    Ps (C) = exp(−α sC), (5)

where

    
α s =

3ρC R2

ρtr
2

.

Gutman and Hartmann



Figure 6. Values of the parameters G0 and B from nonlinear least-
squares fits of Eq. 2 to the data in Fig. 5. In this case, separate
values of G0 and B were determined for each toner concentra-
tion. The parameter B is independent of toner concentration,
whereas the parameter G0 is strongly dependent on toner con-
centration. Values of conductivity measured with a 10 V bias,
σ10, are shown for comparison.
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Figure 7. Geometry in the region of contact between two carrier
beads about to be interrupted by an insulating toner particle.
The two drawings are for smooth and rough carrier beads, re-
spectively. The drawing shows that for the rough carrier beads,
the region of influence (radius indicated by x) is reduced.
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Rough Spheres. If the carrier surfaces are rough, toner
particles can sit in the “valleys” on the carrier surface with-
out breaking the contact between two carrier beads; the
bottom of Fig. 7 illustrates this geometry. We characterize
the average depth of the valleys by the parameter δ. Be-
cause the toner particle can sit in the valley, the region of
influence is reduced; the height of the toner particle is
effectively reduced from r to r – δ. This condition modifies
A to 2π(r-δ)R, if r >δ, and A is zero if r < δ. By analogy to
Eq. 5 we find

Pr(C) = exp (– αrC), (6)

where

    

α
ρ δ

ρ
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r

C

t

r R
r

r

r

=
−

>

≤









3

0

2

3

( )
,

, , .
M

We note that αr reduces to αs when the carrier surface
roughness is zero, so that we can drop the subscript nota-
tions r and s. Eqs. 5 and 6 apply to the 3-D network. (For
the limiting case where the local current flows only in the
direction of the applied field, α is one-third as large.) Us-
ing the assumption that the developer conductivity is given
by the conductivity of the carrier beads, G0(0), multiplied
by the probability of contact between them, we have

G0(C) = G0(0)P(C). (7)

This expression for G0(C) is similar to the empirical re-
lationship in Eq. 3. The physical model predicts a specific
dependence of the parameter α on toner and carrier size
and on carrier surface roughness that will be tested in the
next section.

Dependence of α on Toner and Carrier Geometry.
The toners used in these experiments were air classified
into narrow size distributions, about 5 µm wide, charac-
terized by the number median diameter. To obtain a mea-
surement for very small particles, 1.0 µm diameter
aluminum oxide was used. Four types of uncoated carri-
ers shown in Fig. 3 were selected: smooth–round, rough–
round, smooth–grit, and rough–grit particles. These
samples have morphologies similar to that of the carriers
used for the current–voltage data in Fig. 4, but they are
from different lots with different oxide layers. Carrier di-
ameters were determined by sieve analysis.
aterials          Vol. 40, No. 4, July/August 1996     339
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Rather than measuring the entire I–V curve, a single
conductivity measurement at 10 V, σ10, was used for ex-
pediency because B was independent of toner concentra-
tion, as previously discussed. As shown in Fig. 6, a good
correlation was confirmed between σ10 and the value of
G0 determined from the I–V data. An example of the de-
pendence of σ10 on toner concentration is shown in Fig. 8
for the four types of carrier beads mixed with 10 µm di-
ameter toner particles.
Figure 8. Example of the toner concentration dependence of the
conductivity measured on developers made with the four types
of carrier beads shown in Fig. 3, each mixed with 10-µm diam-
eter toner particles.
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The semilogarithmic slope, α, was determined from the
data by least-squares analysis. The values of α and R 2,
the index of determination, are listed in Table III. The
dependence of α on toner size is shown in Fig. 9, where
αd3 is plotted against d, the number median toner diam-
eter, as suggested by Eq. 6. A straight line is expected,
having an intercept of 2δ and slope proportional to D2,
where D is the carrier diameter. The values of the carrier
diameter and valley depth, δ, determined from the regres-
sion analysis, are listed in the lower section of Table III.
The regression values of δ are consistent with optical mi-
croscopic observations of the surface texture of the carrier
beads. The surface texture of the carrier beads was also
characterized by using the topographic tracing capability
of an atomic-force microscope (AFM). These measurements
are shown in the lower section of Table III. There is very
good agreement between the valley depth obtained from
AFM topographic tracing and the valley depth calculated
from the model. The AFM measurements on the rough-
grit carrier also indicated deep valleys greater than 8 µm
40     Journal of Imaging Science and Technology
that we attribute to the shape of the beads. Because of our
assumption that the conductivity is proportional to (P0

2)3,
the agreement between the measured carrier diameters
and those calculated from the model for α, Eq. 6, is good.
To investigate the dependence on carrier size more ex-
plicitly, additional measurements were made on a set of
five carrier samples prepared by sieving a large quantity
of a single sample of carrier. The toner used in these mea-
surements had a broader size distribution than that of
the previous set of toners. The results, which are plotted
in Fig. 10, show that α increases proportionally as the
square of the carrier diameter. The slope of this line is
(1.0 ± 0.1) × 10-4 µm-2 for C measured in percent. Our esti-
mate for the slope based on the toner size is 1.2 × 10-4 µm-2,
which is in good agreement with the model.
Dependence of Developer Conductivity on the
Frictional Properties of Toner and Carrier. The model
described here assumes that the toner particles are “stuck”
to the carrier beads so that the toners remain in place
when the magnetic force pulls the carrier beads together.
Williamson, Greenwood, and Harris,8 whose experiments
were referred to earlier, found that the dust particles some-
times moved when the gold tip was lowered onto them,
which resulted in more numerous conducting contacts than
expected from Eq. 4. When the dust particle was off the
center of the tip but in position to prevent contact, a fric-
tional force between the dust particle and the flat plate
held the dust particle in place. Williamson, Greenwood,
and Harris modeled the effect of slipping particles by add-
ing to the probability of contact a term representing the
fraction of particles, L, that should prevent contact but do
not; this term is given by L(1–P0).

A similar situation occurs for two-component develop-
ers. Figure 11 illustrates the forces acting on a toner par-
ticle squeezed between two carrier beads. The mechanical
and magnetic forces on the carrier beads act on the toner
particle to push it out of the gap; this effect is counterbal-
anced by the friction force between the toner and carrier
surfaces. If the toner particles can be pushed out of the
gap, P(C) in Eq. 7 underestimates the contact probability.
Analogous to Williamson’s treatment of slipping particles,
the probability of contact in Eq. 7 should be modified to
include two terms. The first term is for toner particles that
stay in position, and the second term is for toner particles
that should prevent contact but do not (because they are
pushed aside). Thus it is plausible that the total probabil-
ity of contact in Eq. 7 should be modified to

P(C) → P(C) + L[1–P(C)], (8)

where L is the fraction of the particles that should pre-
vent contact but do not because they are pushed aside.
The parameter L depends on the forces holding the toner
particles in place; the larger the force, the smaller the value
of L. As illustrated in Fig. 11, the tangential component of
the magnetic force may be large enough to push the toner
particle out of the region of influence, permitting the car-
rier beads to make contact. The toner particle will not move
if this force is balanced by the frictional force. The normal
force depends on the magnetic force and the electrostatic
force, as indicated in Fig. 11.
We designed experiments to investigate these effects.
The coefficient of friction can be varied by using toners
with zinc stearate, which is a well-known cleaning blade
lubricant. The electrostatic component of the force can be
investigated by modifying the charge-to-mass ratio, q/m,
of the toner particles with a charge control additive.

Electrostatic Force. We selected two toner samples
having, respectively, a large and a small value of A0, which
Gutman and Hartmann
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measured as a function of toner size for
the four types of carrier beads shown in
Fig. 3. The values of α were determined
by a least-squares method using Eq. 7.
Figure 10. Measurements of the parameter α plotted as a function
of the square of the carrier bead diameter. Eq. 6 predicts a propor-
tional relationship and is in agreement with the measurements.
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describes the triboelectric properties of the developer9, to
obtain large and small values of q/m for similar toner con-
centrations. Because we are examining primarily geometri-
cal effects, it is not necessary to know the detailed toner
composition. The toner size distributions were the same and
the average size was 11 µm. The carrier was a rough–grit
material with a diameter of 160 µm. Figure 12 shows the
10 V developer conductivity measurements as a function of
toner concentration for developers made with each of the
two toners. The lines are the result of a fit using two free
parameters in Eq. 8. The term P(C) is given by Eq. 6 with α
as a free parameter. The parameter L is assumed to be pro-
portional to the reciprocal of the force holding the toner
particle in place. For the electrostatic image force of attrac-
tion between the toner particle and carrier bead, L is pro-
portional to (q/m)–2, with the proportionality constant a free
parameter. The agreement between the measured and re-
gression values shown in Fig. 13 suggests that the conduc-
tivity is increased when the electrostatic force between toner
particle and carrier bead is small enough to allow toner
particles to be pushed aside, out of the region of contact.
Overall, the effect of the normal force is small for q/m val-
ues of interest in xerography and negligible for the mea-
surements of α reported in Table III. Changes in the
coefficient of friction have a much larger effect.
Coefficient of Friction. It is well known from investi-
gations of blade cleaning that zinc stearate blended exter-
nally on toner particles can be used as a lubricant to reduce
Materials          Vol. 40, No. 4, July/August 1996     341
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TABLE III. Results of Measurements on Four Types of Carrier Beads

Morphology Smooth–round Rough–round Smooth–grit Rough–grit

Values of α for different toner sizes

Toner diameter  (µm) α R 2 α R 2 α R  2 α R  2

1.0* 27. ± 6. 0.95 N/M — 3.91  ± 0.05 0.99 0        —

4.9 16.0 ± 0.3 0.99 99. ± 5. 0.99 6.1  ± 0.4 0.99 3.54 ± 0.14  0.990 0

10.1 6.4 ± 0.4 0.99 77. ± 6. 0.92 3.3  ± 0.2 0.98 1.9  ± 0.2 0.93

14.2 2.0 ± 0.1 0.98 37. ± 6. 0.92 1.76 ±  0.05 0.99 1.3  ± 0.5 0.61

19.3 1.42  ± 0.05 0.99 20. ± 3. 0.96 1.48 ± 0.13 0.97 1.5  ± 0.2 0.92

Values of carrier diameter and valley depth

Diameter D (µm) R 2 D (µm) R  2 D (µm) R  2 D(µm) R  2

Measured 96 — 263 — 93 — 95           —

Model 62 ± 5 0.92 255 ± 16 0.97 77  ± 7 0.94 90 ±13    0.86

Valley depth δ (µm) δ (µm) δ (µm) δ (µm)

Measured 0.25 ± 0.07 — 1.8 ± 0.6 — 2.0 ± 0.5 — 2.9 ± 0.2 —

Model 0.35 ± 1.0 0.92 1.3 ± 0.9 0.97 2.3 ± 1.2 0.94 3.0 ± 2.1 0.86

Carrier bead density

Bulk density (g/cc) 4.5 4.5 3.7 3.1

* Aluminum oxide particles (rather than toner particles) were used for the 1-µm measurements.
Figure 11. Diagram illustrating the forces at the point of con-
tact between a toner particle and a carrier bead embedded in the
developer. A similar force diagram applies to the other toner–
carrier interface. The forces are the electrostatic force of attrac-
tion between carrier and toner FE, the friction force at the
toner–carrier interface f, the (normal) force of the carrier surface
pushing against the toner particle FR, and a force related to the
magnetic forces acting on the carrier beads FM.

FE + FM + f +FR = 0

CARRIER 1

FE

f

FM

FR

H

CARRIER 2

TONER
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the frictional force between a cleaning blade and the pho-
toreceptor. We hypothesize that the same effect occurs
between a toner particle and a carrier bead. Nash10 has
presented data for the effect of zinc stearate on developer
conductivity. Figure 14 shows his developer conductivity
data σ200 (measured using a 200 V bias) as a function of
toner concentration for two developers, with and without
zinc stearate on the toner. The zinc stearate has a large
effect on the conductivity and its dependence on toner con-
centration. The physical model we propose is that toner
particles with zinc stearate are able to slip out of the con-
tact region, whereas toner particles without zinc stearate
cannot slip out. Consequently, in Eq. 8, we assume that L
has a constant value for developers with zinc stearate, and
that L is zero for developers without. Figure 14 shows the
result of fitting Eq. 8 to the data set using two values for
L, a single value for α, and a single value for σ200(0) – the
conductivity value at 0% toner concentration. The regres-
sion values are log10 σ200(0) = – 10.47, α = 1.45, and L =
0.27 or L = 0, for developers with and without zinc stear-
ate, respectively. The agreement between the fitted model
and measurements is excellent.
These two experiments demonstrate the plausibility of
a physical model in which the toner particles can be pushed
away from the region of contact in response to electrostatic
and magnetic forces. The probability of movement depends
on the coefficient of friction between the toner particle and
the carrier bead and on the normal force between them.

Investigation of Dynamic Mode Conductivity
Carrier Beads. Up to this point, our investigation has

focused on the static mode of measurement. When mea-
surements are made in the dynamic mode, additional cur-
rents are generated. Figure 15 shows I–V data for a
smooth–grit carrier coated with enough polymer to reduce
the static conductivity by many orders of magnitude. There
are three differences compared with the static mode data
(an example was shown in Fig. 4). First, there is a large
current with no voltage applied; second, the current does
Gutman and Hartmann



Figure 12. Measurements of conductivity as a function of toner
concentration for two developers formulated with toners that give
large and small values of the parameter A0, respectively, leading
to large and small values of q/m; the values are noted on the
figure. The solid lines are calculated from Eqs. 6 and 8.
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Figure 13. Comparison of the measured and fitted values of con-
ductivity for the developers in Fig. 12.

Figure 14. Measurements of conductivity as a function of toner
concentration for developers using toners with and without zinc
stearate (ZnSt). The solid lines are calculated from Eqs. 6 and 8,
using parameter values determined by a least-squares fit to the
data. The developer with zinc stearate is more conductive be-
cause the zinc stearate acts as a lubricant that enables toner
particles to slide away from the region of contact.
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not increase as rapidly with increasing voltage; and third,
there is a “negative resistance” regime in which a positive
current is measured even though the applied voltage is
negative. Because of this behavior, the current–voltage data
cannot be conveniently displayed on a semilogarithmic plot.
The current with zero applied voltage depends on the type
of polymer material used to coat the carrier. The carrier
bead sample used in this experiment was designed to en-
hance the current at zero volts by choosing a polymer that
has a different position in the triboelectric series from the
aluminum electrode. The carrier rubbing against the
guarded electrode introduces a triboelectric current in ad-
dition to the conduction currents. The triboelectric current
is caused by contact charging between the carrier beads
and the electrode surface, and it depends on the relative
speed of the carrier beads and electrode. The contact charge,
and therefore the triboelectric current, has both electric-
field-independent and dependent components.11
The measured dynamic current is the sum of the con-
ductive current and the triboelectric current. The triboelec-
tric current also has two contributions, one independent
of applied voltage and the other linearly dependent on the
applied voltage. Consequently, the measured current can
be written as

Imeas = Icond (V) + Itribo (V), (9a)

with

Icond (V) = G0V exp (BD|V|0.5), (9b)
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Figure 15. Current–voltage measurements made in the dynamic
mode for a carrier sample. For zero applied voltage, there is a
current generated by the triboelectric charging of the carrier rub-
bing against the electrode.
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and

Itribo (V) = I0 tribo + βTV, (9c)

where G0 is the conductance in the dynamic mode, BD is
the value of B for the dynamic mode, I0 tribo is the current
with no applied voltage, and βT is the coefficient of the
electric-field-dependent triboelectric current.

We were able to separate the triboelectric and conduc-
tive components by measuring the total current for both
positive and negative applied voltages. Then, by taking
one-half the sum of the currents measured with positive
and negative applied voltages, we obtained a current that
is represented by an even function of the voltage; simi-
larly, by taking one-half the difference of the currents for
the positive and negative applied voltages, we obtained
the current that is represented by an odd function of the
voltage. The sum and difference currents are shown in
Fig. 16. The sum is independent of the applied voltage
whereas the difference is a rapidly increasing function of
voltage. From Eq. 9, we find

    
I

I V I V
Isum

meas meas
tribo=

+ + −
=

( ) ( )
2 0 (10a)

      
I

I V I V
V B V Vdiff

meas meas
D T=

+ − −
= +

( ) ( )
exp( ) ..

2 0
0 5

G β

(10b)
44     Journal of Imaging Science and Technology
The constant current is due to the electric-field-indepen-
dent component of the triboelectric current, I0 tribo. The av-
erage value is indicated by a solid line in Fig. 16. The
difference current increases rapidly with voltage. This cur-
rent is the sum of the Poole–Frenkel current and the field-
dependent component of the triboelectric current, both of
which are odd functions of the applied voltage. The line in
Fig. 16 through these data is the parametric fit using Eq.
10(b). For comparison, the static I–V characteristic for this
carrier is also shown in Fig. 16.
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Figure 16. Dependence on applied voltage of the sum and differ-
ence of the currents measured with positive and negative ap-
plied voltage. The sum is independent of voltage; the difference
depends strongly on voltage. Static mode measurements are
shown for comparison. The lines for the dynamic mode results
are regressions to Eq. 10.
As shown in Table IV, the dynamic mode values of G0

and BD are larger and smaller, respectively, than the cor-
responding values measured in the static mode. In the dy-
namic mode, the carrier beads are constantly forming and
breaking contacts, which might degrade the quality of the
contacts, mimicking a thicker oxide layer and resulting in
a smaller value of the Poole–Frenkel coefficient B. We sus-
pect that the large value of G0 is due to the displacement
current caused by convective motion of charged beads to-
ward the electrode. The bead charge, in turn, is enhanced
by the Poole–Frenkel mechanism that is controlling cur-
rent flow between beads.
Developers. In contrast to the static mode, in the dy-
namic mode of measurement toner can move toward the
electrode or toward the rotating cylinder, depending on
the polarity of the voltage. The motion of the charged toner
Gutman and Hartmann



TABLE IV. Comparison of Dynamic and Static Mode Parameters

Parameter Dynamic mode Static mode

Poole–Frenkel coefficient (V-0.5) BD 0.16 B 2.0

Ohmic conductance (Ω–1) G0 2.9 × 10–10 G0 6.7 × 10–19

Field-independent tribo current (amp) I0 tribo 1.4 × 10–7 — —

Field-dependent tribo coefficient (Ω–1) βT 1.6 × 10–10 — —
particles is detected as a current, so that Eq. 9 has an
additional term and is modified to

Imeas = Icond (V) + Itribo (V) + Itoner (V). (11)

We have found that Itoner depends on the polarity of the volt-
age; this is because the dynamics of deposition and scav-
enging are different for the two polarities.1 For toner
deposition on the electrode, the magnetic brush deposits
and scavenges toner from the electrode, whereas for toner
deposition on the cylinder, the magnetic brush deposits but
does not scavenge toner from the cylinder surface because
there is no relative motion between the developer and the
rough cylinder. Consequently, the magnitude of Itoner mea-
sured for positive and negative voltages will be different:

    Itoner (+V ) ≠ Itoner (−V ) .

Because we do not know the voltage dependence of the
toner migration current, we are not able to separate the
measured current into individual currents by taking the
sum and difference of the measured currents for the two
polarities. However, we can examine the slope of the I–V
data at zero volts, which we define to be the apparent dy-
namic conductance. If the polarity of the applied voltage
is such that toner moves toward the rotating cylinder sur-
face (“reverse bias”), the toner migration current will tend
toward zero after several revolutions of the cylinder past
the electrode. In the reverse bias case, toner accumulates
on the cylinder surface because there is no relative mo-
tion between the developer beads and the surface, hence
no scavenging of the toner particles. The amount of de-
posited toner accumulating on the cylinder surface is lim-
ited by the electric field of the toner charge. When the
magnitudes of the toner electric field and the applied field
are equal (the “neutralization limit”), the deposition stops
and the toner migration current vanishes. For small val-
ues of the applied voltage, the amount of toner deposited
on the cylinder surface is small and resides primarily in
the “valleys” of the rough surface. Thus the cylinder will
have good electrical contact with the developer. Conse-
quently, in the reverse bias case, the toner current van-
ishes and the measured current from Eq. 11 is

    

I I V I Vmeas

reverse

cond tribo→ +( ) ( ).

From Eqs. 11, 9(b), and 9(c), the apparent dynamic con-
ductance in the reverse bias case is

      

G Gapparent

reverse

reverse

T
dI
dV

= = +
0

0 β .

Thus the apparent dynamic conductance is larger than the
static conductance, which from Eq. 2 is G0. With toner par-
ticles present, the dynamic conductance, G0 (C), is given by
G0 (0) exp(-αC), the analog of Eq. 3. We expect the value of α
to be the same for the dynamic and static modes because
Conductive Properties of Two-Component Xerographic Developer M
the toner–carrier geometry is unchanged. This is tested in
Fig. 17, which compares the apparent dynamic conductiv-
ity, measured by the slope of the I–V data at zero volts,
with the static conductivity, measured in a similar fashion.
Both were measured at different toner concentrations, us-
ing a rough-grit carrier coated with a low weight of a poly-
mer to reduce the triboelectric currents, so that βT is small.
For small values of the toner concentration, there is good
agreement between the slopes measured in the two modes,
indicating the same value of α. For larger values of toner
concentration, the apparent dynamic conductance is domi-
nated by the triboelectric current.
Figure 17. Comparison of dynamic and static mode conductance
measurements for a rough–grit carrier. For small toner concen-
trations, the slopes are the same. For larger toner concentrations,
the additional dynamic mode currents are much larger than the
conductive current. The static mode measures only the conduc-
tive current at all toner concentrations.
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Discussion
We have made measurements of developer conductivity

using a cell that replicates the magnetic field configuration
and roll geometry in the xerographic development zone. The
measurements were performed in two modes, static and
dynamic. The static measurements, made with the roller
at rest, reveal the conductive property of developer materi-
als but do not replicate all of the currents that occur in
xerographic development, particularly currents generated
by triboelectric charge exchange between the developer and
the photoreceptor and by toner migration. We developed a
physical model for the static mode conduction current based
on an investigation of the I–V characteristics of the carrier
beads and the developer materials. We found that the static
mode developer conductivity could be modeled by separat-
ing two phenomena. The first phenomenon is the current–
voltage relation described by a Poole–Frenkel model for
conduction through an oxide layer. The second phenomen-
on describes the probability that toner particles break the
contact between two adjacent carrier beads. This probabil-
ity depends on the toner concentration and on the geometri-
cal properties of the toner particle and carrier beads.

A physical model for the dependence of static mode con-
ductivity on toner concentration and on the geometrical
aterials          Vol. 40, No. 4, July/August 1996     345
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properties of the carrier beads and toner particles was
derived by examining the geometry of contact of two car-
rier beads covered with toner. The current–voltage rela-
tionship for static mode measurements is described by
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(12)

This model assumed that the toner particles were not able
to move on the surface of the carrier. However, we found
that if a lubricant was added to the developer, the mea-
sured conductivity was higher than predicted by Eq. 12.
We presented additional experiments that show the plau-
sibility of a physical model in which the toner particles
can be pushed away from the region of contact between
two carrier beads in response to external forces that
squeeze carrier beads together. The probability of move-
ment depends on the coefficient of friction between the
toner particle and carrier bead and on the normal force
between them. The normal force has both electrostatic and
magnetic components.

Relative to previous papers, our work extends Hoshino’s
investigation4 by examining in more detail the dependence
of developer conductivity on toner concentration and deriv-
ing a corresponding physical model. Hays2 has also investi-
gated the conductive properties of two-component
developers. Hays’ cell, which has a dielectric layer with prop-
erties similar to those of a photoreceptor, represents some
aspects of the development zone more faithfully and thus
is useful for modeling the development physics. The mea-
surement cell and technique used by Hays are sufficiently
different from ours that it is difficult to test our model, Eq.
12, using his data. Both sets of measurements on carrier
beads indicate a strong electric field dependence of the cur-
rent. However, his measurements of induced charge for
developers show a weaker dependence on toner concentra-
tion than do our I–V measurements. Although this result
seems to imply a much smaller value of α, the interpreta-
tion of the induced charge measurement is not easily re-
lated to the I–V measurements that we used to determine
α. There are two considerations. First, we would have to do
an analysis to relate the charge accumulated during a volt-
age pulse on the dielectric material in his cell to our I–V
measurement, because of the interaction between the elec-
tric-field-dependent conductivity and the accumulating
charge. Second, the developer agitation and the external
forces on the samples are different. The external force, as
others12 have shown, affects the quality of electrical con-
tacts between metal beads. Our cell was designed to agi-
tate the sample aggressively as it is transported by the roller.
The sample is then compressed by the roller and electrode
as the sample enters the measurement zone. Hays’ cell,
particularly with lower values of the magnetic field, pro-
duces a weaker force, and we speculate that this force af-
fects the quality of bead-to-bead electrical contacts,
modifying the I–V curve and the induced charge measure-
46     Journal of Imaging Science and Technology
ment. Hoshino4 found that the I–V properties of a devel-
oper depended on the magnetic field; it is plausible that
some of this effect was due to the change in the quality of
the bead-to-bead contacts as the magnetic field was varied.

In the dynamic mode of measurement, there are three
additional current contributions. The first is generated by
contact electrification between the moving developer brush
and the measurement electrode. The second is generated
by the migration of charged toner through the brush. The
third is a displacement current generated by the convective
motion of the charged carrier beads, where the bead charge
is enhanced by the Poole–Frenkel mechanism. These cur-
rents are included in Eq. 11. We presented measurements
on carrier and developer materials that illustrate the rela-
tive magnitudes of the contributions of each of these cur-
rents. Additional work is required to develop a more complete
physical model for dynamic-mode current measurements.

Inspection of the data in Fig. 6 shows that the conduc-
tivity decreases exponentially at low toner concentrations
and then decreases even more rapidly at higher concen-
trations. This result is evidence of a percolation mecha-
nism for conductivity in the developer sample. A model for
developer conductivity based on percolation theory is a
subject for future work.
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