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Abstract: Step-wise capacitance increase with voltage (C-switching) effect has
been experimentally and theoretically investigated in the case of one-compon-
ent electrographic developer powder pressed in tablet-shape samples. Peculiari-
ties of capacitance (current)-voltage characteristics as well as frequency depend-
ences of components of complex dielectric constant indicate that C-switching
effect is related to the extent of ferromagnetic carrier capsulation by polymeric
compound. The application possibilities of the C-switching effect have been

proposed.
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1. Introduction

The utilization of one-component developer
(OCD) has become the next step in the advance-
ment of a latent image visualization process in
electrography. The grain of ferromagnetic mater-
ial which is incorporated in the bulk of such
developer’s particle serves as a carrier. As it is
clear from principles of electrographic develop-
ment process, advantages of OCD as compared to
a two-component developer must be associated
with the extent of ferromagnetic carrier (FC) cap-
sulation by a polymeric compound [1].

There are two main technological methods of
the one-component developer production [2]:

1) FC 1s directly fully capsulated during the
developer production process,

i) mixing of developer components, melting,
cooling, and subsequent crushing of the com-
pound to the proper powder.

It is obvious that in the ii)-case full FC-capsula-
tion is quite problematic. Besides affecting the
quality of OCD, different extent of ferromag-
netic carrier capsulation causes some physical
effects in a system composed from particles of
developer mentioned. We had investigated one
of them, i.e.,, capacitance switching effect which is
related to the FC-capsulation extent. Obtained

data which indicate the application use are pres-
ented in this paper.

2. Experimental

The main components of investigated OCD
were the following: polystyrene, carbon black, and
ferromagnetic mineral which was mainly com-
posed of Fe and its compounds (29% of Fe was in
FeO). Let us name the latter component magnet-
ite. Particles of crushed magnetite crystals were
mainly of cubic shape; their size ranged from 0.5
to 2.0 um while diameter of one-component devel-
oper powder particles was about 10 ym. The one-
component developer powder was prepared by
1i)-method (see Section 1).

Cylindric samples for investigation were pre-
pared by pressing powders of one-component
electrographic developer and of its main compo-
nents in the specially constructed cell. The press-
ing pressure value was chosen on the basis of the
following consideration. A defined volume of
OCD powder comprises a two-phase heterogen-
eous system composed of powder particles and of
surrounding air. Therefore, by sealing of this vol-
ume it is possible to exclude the air-phase and, as
a consequence, to obtain the one-phase powder
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Fig. 1. Sample thickness and dielectric constant depend-
ences on pressing pressure d(P): curves 1 and 2 — polystyrene
(m=10.6g) and magnetite (m=1g), respectively. Curve
3 — ¢'(P) for polystyrene-carbon black. v = 10° Hz.

system. In order for this to happen, the same mass
m of developer powder which filled the pressure-
cell has been pressed at different pressure values
P and the thickness of samples d has been meas-
ured. The saturation of d = d(P) dependence with
P will be the indication of OCD-powder homo-
genization mentioned, i.c., the presence of air in
samples will be minimized. In the case of polysty-
rene and magnetite this investigation has been
performed and data obtained are presented in
Fig. 1. Hence, for investigated samples the press-
ing pressure value > 2-10® Pa has been chosen.
For polystyrene-carbon black system the depend-
ence of dielectric constant ¢ (calculated from
capacitance C) on P can serve as confirmation of
the proposed method. This dependence is pres-
ented also in Fig. 1 (see curve 3).

Measurements of electrical and dielectrical
properties of investigated samples have been per-
formed. In order to have assurance that no con-
tact effect governs these measurements different
electrode materials, such as Au, Bi and Al, have
been used for polystyrene-carbon black system
which presents the main OCD component. It has
been detected that for these samples I — U char-
acteristics are linear up to 10° V/em indepen-
dently of electrode material. Thus, Al-electrodes
have been applied by thermal vacuum evapor-
ation in the middle of opposite surfaces of
a pressed tablet. The Al-electrode and sample
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Fig. 2. &* dependence on magnetite weight part for OCD-
samples. Curves 1 and 2 — ¢ and ¢&”, respectively. P =
2-108 Pa,v=10*Hz, U,, =5 V.

square areas were S, = 0.8 cm? and S, = 5.3 cm?,
respectively. The thickness of samples ranged
from 0.7 to 1 mm. The mass m of developer pow-
der which filled the pressure-cell was of the same
value for all investigated samples, i€, m = 0.6 g,
while magnetite concentration and some aspects
of preparation procedure were different. Values of
magnetite weight part p(m), varied between 0 and
0.7, while that of carbon black was the same for all
investigated samples, i.c., 0.05.

For samples under investigation steady state
current-voltage (I — U) and capacitance-voltage
(C — U) characteristics as well as capacitance
C and loss angle tgé dependences on frequency
v had been measured using Keithley electro-
meters, models 616 and 642, and capacitance
bridge Wayne Kerr B609A as well as GenRad
1621 assembly. In the case of C — U investiga-
tions the magnitude of ac-voltage U has been
chosen so that relation U%/U?% > 10 has been
satisfied in the whole C — U characteristics re-
gion. For the recording of capacitance transients
a Gould S 50000 plotter served as an output
terminal for capacitance bridges.

3. Results

It has been detected that electrical and complex
dielectric constant (c.d.c.) &* values of OCD
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tgd Fig. 3. Capacitance and loss angle de-

pendences on dc-voltage for OCD-sam-

ples.

a) Sample No. 85. C vs U%: curves abc;

part a — C-non-switched state, part ¢ — C-

15 switched state. tgd vs U%: curves a'b'c)
part @' — C-non-switched state, part ¢’ - C-

switched state. d=177-10"%cm,

10 U —10mV for C-switched state and
100 mV for non-switched state,

5 v = 10° Hz, arrows near curves indicate

:15 the voltage change direction.

’ b) Sample No. 107. C vs U%: curves 1, 3;
curve 1 — non-switched state, curve

05 3 — switched state. tgd vs U%: curves 2, 4;

0 curve 2 — non-switched state, curve

powder are influenced by its composition. The
magnetite concentration p(m), has the main effect
on them: ¢* increases with p(m),. This is evident
from Fig. 2. The carbon black influence is dual: on
the one hand, it diminishes OCD resistance, and
on the other hand it changes ¢*, too [3]. In our
case this is not so significant since the weight part
used (0.05) is negligible.

In the case of high magnetite concentrations
(p(m), > 0.5) capacitance switching effect has
been detected in some samples under investiga-
tion. In those, capacitance slightly increases with
voltage and at a certain point (let us denote it as
U,,) C almost immediately switches to the higher
value C,,. This capacitance switching process is
shown in Fig. 3 which presents C — U character-
istics for two typical samples. When C-switching
occurs the sample remains in the higher
capacitance state even if dc- or ac-voltage is
turned off and after a certain time C returns back
to the initial value. Moreover, for the C-switched
sample C — U characteristics qualitatively and
quantitatively are quite different in comparison to
the non-switched state (compare a and ¢ parts of
Fig. 3a or curves 1 and 3 in Fig. 3b). It has been
determined that values of relative capacitance
change AC = C,/C,, where C, is the capacitance
in a non-switched state, range from 6 to 1.5-10%
for investigated samples and AC is related to C, as
well as to UZ values. The higher the AC, the
lower the C, and UZ. For instance, at 10° Hz for
non-switched capacitances 1.4, 0.9, and 0.5 nF,
C., have values 8.5, 12, and 59 nF, while U are
11 and 3 V for samples Nos. 76 (d = 0.72 mm), 85,

4 — switched state. d=74-10"%cm,
U =11mV, v = 10° Hz.

tgd,
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Fig. 4. Frequency dependences of c.d.c. real part and of
dielectric losses for sample No. 85 in log-log plot. &' vs v
curves 1, 3; 1 — C-non-switched state, 3 — switched state. tgd4
vs v: curves 2, 4; 2 — C-switched state, 4 — switched state.

and 107, respectively. Moreover, the C-switching
process is more sensitive to ac-voltage than to
dc-voltage. It has been experimentally detected
that for some samples the capacitance switching
can take place at UZS almost by an order of
magnitude lower than UZ.

For investigated OCD-samples frequency de-
pendences of complex dielectric constant (c.d.c.),
¢* components (¢, ¢”) as well as of dielectric loss
angle tgdy confirm the occurrence of C-switching
effect, too, i.e., these dependences significantly
differ in capacitance switched and non-switched
states. This is demonstrated in Fig. 4 for sample
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No. 85. If the frequency dependences mentioned
are compared to corresponding ones for one-com- *
ponent developer main components, i.e., magnet-
ite and polystyrene-carbon black system, which
are presented in Fig. 5, the following regularities
are evident. For the OCD-samples in the non-
switched state ¢ and tgd, frequency behavior is
qualitatively similar to that of the polystyrene-
carbon black system (compare data presented in
Figs. 4 and 5a), while in the switched state — to
that of the magnetite (compare curves 3, 4 of
Figs. 4 and 5b).

The polystyrene-carbon black system is a typi-
cal dielectric, since its dc-conductivity ¢9°
3.3-1071® S/cm and losses tgd = (0.1 — 10~ 2) are
totally dielectric ones. For one-component devel-
oper and magnetite samples dielectric properties
are also peculiar, since only near the lowest invest-
igated frequency (10% Hz) and only for magnetite
and for OCD-sample with the highest AC value
(No. 107) is the ratio between diclectric losses and
total ones as low as 0.25, and this ratio signifi-
cantly increases with frequency for all samples
(magnetite and OCD in switched and non-
switched states). For instance, in all cases the
tgdy/tgd value is higher than 0.8 at 10° Hz

Attention must be paid to the unusual disper-
sion of & at high-frequency edge in the case of
polystyrene-carbon black system, ie., & is fre-
quency independent in the frequency range wider
than two orders of magnitude (see curve 2 in
Fig. 5a). This unusual behavior could be caused
by grain boundary losses. The influence of tem-
perature on ¢, ¢” frequency dependences indicates

Fig 5. Frequency dependences of c.d.c. compo-
nents and of loss angle for OCD-components.
a) Polystyrene-carbon black system. & vs
v—curve 1, &” vs v —curves 2, 3; tgd vs v —curves
4, 5. Curves 1, 2, 4 — at 293 K, curves 3, 5 — at
317K temperatures. d = 10™ % cm, U* = 1 V.
b) Magnetite. &' vs v—~curve 1, 3 vs v — curve 2,
tgd vs v — curve 3. Temperature 293 K.
d=71-10"%cm, U* = 10 mV.

that, in the system mentioned, £* dispersion re-
gion takes place at v < 10 Hz (see Fig. 5a).

As has been mentioned above, the C-switched
sample after a certain time returns to the initial
state. It has been determined that the duration of
C-switched state t,,, depends on U% or U*® value
(Ude2¢ > U,,) as well as on the time during which
voltage has been applied. The higher the U or
U®® values and the longer their application time
tae.ac> the longer is t,,. Depending on the factors
just mentioned, t,, varies from minutes up to
several days. The C-reswitching process has been
investigated at greater length for the sample
No. 107, and data obtained are presented in
Fig. 6. The procedure of the capacitance decay
curve recording is as follows. The U% has been
applied for time ¢4, and after the voltage turn-off
the capacitance trace has been recorded immedi-
ately. The step-wise capacitance return to initial
value as well as the t,, dependence on t4, men-
tioned are evident.

This step-wise capacitance reswitching as well
as the C-switching effect on the whole have been
detected also by the investigation of I — U char-
acteristics which are presented in Fig. 7 for two
typical samples, i.e., Nos. 85 and 107. For non-
switched samples at low electric fields (up to
2 V/cm) the current follows Ohm’s law (see inserts
in Fig. 7), while at higher ones the superlinearity
of I — U characteristics starts. A log I versus U*/*
plot transforms curves to straight lines in this
region. In the case of the sample which possesses
high AC value (No. 107), the steep current jump
with voltage takes place at U = U, while for the
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Fig. 6. Capacitance reswitching decay for OCD-sample
No. 107.

a) U% = 5V has been applied during t4, = 300 s;

by U =3V fortg = 120s.

C vs t measuring conditions: U%° = 0, U** = 10 mV.

one with AC value one order of magnitude lower
(No. 85) this effect has not been detected at all
(compare curves 1 in Figs. 7a and b). Once the
capacitance switching occurs, the slope of I — U
characteristics reduces and at voltages well over
U,y I — U characteristics saturates and even indi-
cates negative resistance region (see Fig. 7b). For
the C-switched state, if compared to the non-
switched condition, at a given voltage the current
value is higher at U < Uy, while at U > U, they
coincide. In the case of partially reswitched state,
I — U characteristics are located between those
which represent totally switched and non-
switched conditions (see curve 2 in Fig. 7a). It has
been determined that the higher the capacitance
increase during the C-switching process, the high-
er the current increment at a given voltage in
Ohm’s law region. This is evident from compari-
son of I — U characteristics presented in inserts of
Figs. 7a, b. For instance, in the case of sample No.
107 de-conductivities g% are 1.9-107%,2.5-1076,
and 1.2-107° S/cm for sample capacitances 0.5
(non-switched state), 0.9 (partially reswitched),
and 58nF (totally switched), respectively,
and for sample No. 85 ¢% are 1.2-1077 and
2.9-1077 S/cm for non-switched (0.9 nF) and to-
tally switched states (12 nF), respectively. The g%
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Fig. 7. Steady-state I — U characteristics of OCD-samples.
a) Sample No. 107. Curves 1, 2, 3 — capacitance non-
switched, partially reswitched and totally switched states,
respectively. Insert: Initial parts of [ — U characteristics in
log—-log plot.

b) Sample No. §85. Curves 1 and 2 — capacitance non-
switched and switched states, respectively. Insert: Initial parts
of I — U characteristics in log~log plot.
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values determined are needed for the evaluation of
dielectric losses performed.

4. Discussion

As has been stated in Section 2, the one-com-
ponent developer powder has been produced by
i))-method (see Section 1), which cannot ensure
the full capsulation of all magnetite particles by
a polymeric compound. Keeping in mind the size
of crushed magnetite crystals and of developer
powder used (see Section 2), it is evident that the
number of developer particles containing one or
more partially capsulated magnetite crystals will
increase with magnetite weight part. At large
quantities of such developer particles it is highly
probable that during the developer powder press-
ing process, 1.¢., the sample preparation, a certain
number of partially capsulated magnetite crystals
will be located very close to each other but have
no direct electrical contact between their free sur-
faces. Below, it will be shown that introduction of
effective cluster parameters makes it possible to
regard this region of the OCD-sample as a mag-
netite cluster whose electric properties, however,
are different from those of clusters composed of
well-connected magnetite particles.

The high values of c.d.c. ¢* of investigated
OCD-samples (composite) and magnetite tablets
indicate that in both these cases ¢* is an effective
quantity caused by concentration of electric field
to thin insulating layers between conducting par-
ticles. Thus, the value |¢*| must be directly related
to the degree of the just mentioned interface prop-
erties’ influence on the effective properties of the
material. Therefore, the observed change of the
composite c.d.c. in the course of the C-switching
means the increase of electric field between neigh-
boring magnetite crystals in clusters, so that the
insulating part of the composite is additionally
screened out. This conclusion is corroborated by
the fact that, as has been mentioned in Section 3,
dependence ¢*(w) for composite in C-switched
condition bears some resemblance to that for
pressed magnetite samples, while that for the non-
switched state definitely does not. The mentioned
step-wise delayed reversibility of the C-switching
effect makes it unlikely that it is caused by
a change of the surrounding medium’s properties
— for example, breakdown phenomena. Therefore,

this increase must be caused by the fact that those
clustered particles which are separated by thin gaps
of air are packed closer together by some external
force so that their mutual capacitance increases
and/or additional conducting links are formed.
The possibility of such particles” displacement
may be justified by the following considerations.

Bearing in mind the poor adhesion between
magnetite and polystyrene [4], the above-men-
tioned particles can get closer to each other if an
external force stronger than the surrounding me-
dium static resistance force is applied. This force
may be caused in external electric field by interac-
tion between polarization charges induced on the
surfaces of the particles or by their deformation if
they possess piezoelectric properties [5]. The
detected experimental fact that, in some cases, the
sample preparation procedure alone, ie., the
pressing of OCD-powder, produces permanent
dc-voltage between Al-clectrodes, can serve as
a confirmation of the latter possibility. The value
of this voltage varies in (0.01 = 0.2)V limits from
sample to sample. It must be noted that in the case
of polystyrene-carbon black system this effect has
not been detected.

Unfortunately, experimental data obtained
cannot give any preference for either of the effects
mentioned above since following facts, i.e.,

i) the step-wise composite capacitance reswitch-
ing decay (see Figs. 6 and 7b),

ii) the pronounced composite sample polariza-
tion effect which takes place at voltages ex-
ceeding U, (see Fig. 7b) and

iii) the higher sensitivity of the C-switching pro-
cess to ac-voltage than to dc-one,

are in accord with both C-switching mechanisms
proposed. It seems worthwhile to detalize the i)-
position just stated above. Since the distance be-
tween neighboring magnetite particles in a cluster
varies throughout a composite sample, it is evi-
dent that different voltage values and different
time durations are needed for the C-switching and
the reswitching occurrence, respectively. More-
over, some clusters could be mechanically
switched during the one-component developer
powder pressing. Due to higher electrical homo-
geneity of these clusters in comparison to the
earlier mentioned ones, their influence to the com-
posite c.d.c. is similar to that of pure magnetite
units. The existence of such mechanically switched
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clusters explains the C, relation to AC and
U, mentioned in Section 3.

The above said indicates that only clustered
magnetite particles can be responsible for the
C-switching effect. This means that the magnetite
amount must be large enough for the clustering
effects to be significant. In the case of investigated
samples which display C-switching effect, this
requirement is fulfilled: from the weight part of
magnetite (0.55 = 0.70), bearing in mind densities
of magnetite and polystyrene (7.3 and 1.0 g/cm?,
respectively [6]), one concludes that its volume
part p, =0.14+ 0.20. In fact, these values
coincide with generally observed percolation
thresholds [7-9].

Values of sizes of magnetite particles and in-
vestigated samples presented in Section 2 indicate
that the composite ¢* value results from statistical
averaging of each inclusion’s effect on the sur-
rounding electric field. Therefore, one may expect
that effective properties of the composite should
be adequately represented by the effective me-
dium theory (EMT) [10] modified so as to give
the sufficiently low percolation threshold value
presented above, i.e., so as to account for dipole—
dipole interaction between conducting inclusions
[7]. Below, an attempt is made to find EMT
parameters whose change in the course of the
C-switching may cause the increase of the com-
posite ¢* and to relate the latter to the magnetite
capsulation amount.

In order to apply EMT, first of all it is necessary
to separate homogeneous components which
form macroscopic areas randomly distributed
throughout a sample and evaluate their complex
dielectric constants. Bearing in mind the compar-
atively large size of magnetite particles (see
Section 2), it is evident that from the point of view
of the composite’s effective properties, the binary
system polystyrene-carbon black may be con-
sidered to be homogeneous insulating material
whose c.d.c. frequency dependence ¢§(w) is pres-
ented in Fig. 5a. As for the second component
(magnetite), it is not necessary to concern oneself
with its electrical properties in pure state, but,
instead, assign to it an effective c.d.c. ¢¥ which
accounts for particle interface effects. Such an
approach should not fail even if some particles are
well isolated and are far from the other ones, since
in this case only the fact that absolute value of the
magnetite c.d.c. is much higher than that of host

medium is important [11]. A corresponding fre-
quency dependence which is presented in Fig. 5b
may be approximated by a conducting polycrystal
model expression [12]

de

’ & — & . 0>
e3() =6 + = — i
1 + iowt 8,0
de
= (1)
1+ iwrt €

Parameters figuring in this expression are deter-
mined by charge transport conditions across
interfaces between particles: ¢, — by mutual
capacitance of neighboring crystals, ¢9° — by the
quality of their electrical contact, while 7 is an
effective RC-constant of a polycrystal which is
roughly proportional to the ratio &,/ $°. There-
fore, it is reasonable to assume that partly cap-
sulated magnetite particles have lower valpes of
g, =¢” and 04° = ¢%°® as compared to those
corresponding to fully capsulated ones (¥
and ¢$°, respectively), ie., behave as a third
component.

Assuming the validity of the proposed physical
mechanism of the C-switching, one concludes that
the C-switching effect, in terms of cluster effective
parameters, must be caused by the change of

values of {2, 69 and 7% so that they become
g O

2 .
Eopl That s,
the step-wise change of partly capsulated clusters’
effective properties causes the C-switching effect
on the whole. Therefore, these clusters may be
called “switching clusters,” whose volume part is
Psw- EXpression p5 = p, — p,» must be used for
volume part of fully capsulated magnetite.

Because of the large number of unknown para-
meters (p,, p. and cluster parameters £, ¢§°©®,
70 ¢V ¢5°W)) quantitative testing of the pro-
posed EMT is problematic at this stage. However,
it seems worthwhile to use the model described
above for calculation of dependence of sample
capacitance relative increase due to the C-switch-
ing effect AC on p,,, when cluster parameters are
known. On the basis of Figs. 4 and 5a, and of
measured dec-conductivity of magnetite samples
(1078 =~ 107# S/cm), the following values have
been chosen:

£ =10% 65 = 1077 S/cm, 79 = 10" *s,

g = 10, g™ = 10~* S/em, 'V = 10" %5 .

closer to ¢, g4°W and 1 ~ 7@




892

Colloid and Polymer Science, Vol. 272 No. 8 (1994)

Let us require that in the course of C-switching
all “switching clusters” change their properties so
that they become identical to those of fully cap-
sulated particles. Then EMT with dipole—-dipole
interaction equations governing composite effec-
tive c.d.c. ¢* are [7,10]:

for the C-non-switched state

ef—cg*
ef+2e*
g3 _ gk

Les® +(1—Lye*

(1 —p,)
x[2

8“2‘(1)—8*
T —2L)8’2"(1)+2L8*j|

+ Psw’ |:2

—+ (pZ_psw)

8’5(0)—8*
Les©@ 4 (1—L)e*

5O _ g . )
T T 20)a0 1 2La*] =Y (22)
and for the C-switched state
ef —¢*
9(1 — _—
( p2)8’f + 2¢%*
8>2k(1) —g*
12
e [ Led™ + (1 — L)e*
gD _ g
=0 2
A - 20)ef® 1 2Le* ’ (2b)

where ef is effective c.d.c. of the system poly-
styrene-carbon black, ¢5™® and 3@ are effective
c.d.c. of magnetite clusters in switched and non-
switched states, respectively, and L is an effective
depolarization factor of conducting component.
Computation with L = 0.0865 [7] (this value
corresponds to percolation threshold value
p. = 0.156) gives the dependences of ratio between
OCD-sample dielectric constants in non-switched
and switched states &,/es, on fully capsulated
magnetite particles amount p5/p, which are pres-
ented in Fig. 8. It is evident from Fig. § that &} /¢,
diminishes with p%/p, value lowering, ie., 4C
increases. Moreover, for a given p,/p, 4C is
higher the higher the magnetite concentration
p(m), in OCD. Therefore, these computations
qualitatively confirm the statement which has
been argued in [13] that the value of capacitance
increase during the C-switching process can serve

81
ESW
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10‘ZL
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0 0.2 04 08 08 p!

Fig. 8. ¢,/¢., dependences on p5/p, for OCD-samples at
different magnetite weight parts. Curves 1, 2, 3, 4, 5 — for
p(m), 0.52,0.56, 0.58, 0.62 and 0.76, respectively (correspond-
ing p, ;/alues are 0.13, 0.15, 0.16, 0.18 and 0.30, respectively).
v = 10"

as an indicator of the extent of FC-capsulation for
one-component electrographic developer.
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