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Potentiodynamic electropainting at a rotating iron disc electrode has been investigated with three
different EDP resins, two anodic from the acrylate type and one cathodic from the epoxide type,
and a wide variation of conditions. Voltage scan rate (v, = 1 to 200 Vs~ "), voltage range (40 to
200 V) and electrode rotation speed (n = 60 and 1000 rpm) were the most important parameters.
The (cyclic) voltammetric curves obtained generally exhibit three characteristic features: (1) The
current rises steeply at the start of the experiment. Bath resistance transforms the potentiodynamic
curve simultaneously into a galvanodynamic curve. After a transition time, 7, a critical pH is
attained at the phase boundary and electrocoagulation occurs. This leads to a rapidly decreasing
current density. The sharp c.d. maximum thus established has a peak voltage, U,, which increases
with o, according to the relation log U, ~ 1/3 log v, in accordance with theory. (2) At high
voltages, a limiting current density is observed, increasing with the square root of »,. This could be
quantitatively interpreted in terms of dynamic growth of film thickness governed by Ohmic ion
transport in the film. The preceding part of the U}j curve declines with j ~ ¢~ which indicates the
prevalence of space charge effects. (3) Ohmic lines are measured in the course of the first reverse scan
and in all quasi steady state follow up cycles. They are flatter by a factor of 1000 in regard to the
initial Ohmic line and reflect low voltage Ohmic behaviour of the EDP-film. At high voltages
positive current deviations occur due to Child’s law. The curves can be measured easily and
reproducibly. Due to their salient features it is proposed to use them for characterization of
EDP-paints.

Nomenclature K  constant in Equations 9 and 10 (Vs'?)
Ly thickness of polymer film (cm)

a  current density scan rate (mA cm~?s™") L, thickness of space charge layer (cm)

A electrode area (cm?) m, electrochemical equivalent (gC™")

c* critical hydrogen ion- (or hydroxyl ion-) #n. exponent in Child’s law
concentration at the electrode for electro- n  rotating disc electrode rotation speed
coagulation (moldm?) (rpm)
C, capacitance of EDP-film per unit area N  particle number concentration (cm™3)
(uFcm™?) Ry bath resistance (Q)
electric field strength (Vem™") Ry film resistance (Q)
K
T
U
Um

C o~ Iy

cell current (mA) density (gecm ™)

J current density, ¢.d. (mAcm?) transition time (s)

Js capacitance current density (mA cm?) (cell) voltage (V)

Jim limiting current density (mA cm™?) .« Maximum voltage, point of reversion of

jo  peak current density (Section 3) (mA cm %) voltage scan direction (V)
Jo  residual current density (mA cm™2) U, peak voltage, section 3 (V)
J* critical current density (for EDP) (mA v, voltage scan (or sweep) rate (V s™hH

cm %)

0021-891X/85 $03.00 + .12 © 1985 Chapman and Hall Ltd. 825



826

FRITZ BECK AND HARALD GUDER

1. Introduction

Electrodeposition of paint (EDP, ‘electro-
phoretic painting’) is an electrochemical process,
which has attained great industrial importance
in the course of the last twenty years [1]. Today,
the first layer (primer) in industrial painting of
metal massware is provided by EDP in nearly all
cases. Water-born binders, partially neutralized
by appropriate solubilizers, constitute the
aqueous bath. About six years ago, anodic sys-
tems began to be displaced by cathodic ones,
offering an improved quality of paint with, for
example, improved corrosion protection.

Fundamental electrochemical investigations
have often been performed at constant voltage
while recording the current-time curve in rough
analogy to the industrial process. In some cases,
galvanostatic techniques have also been intro-
duced [2-8], sometimes using the rotating
disc electrode [2, 3]. However, voltammetric
methods, normally applied widely in electro-
chemistry, have been almost totally neglected up
to the present. As the depositing and growing
film allows no steady state, (cyclic) poten-
tiodynamic measurements must be used, where
the accomplishment of a reproducible quasi
steady state seems feasible. The standard theory
of voltage sweep methods involves the voltage
scan rate v

dU

Y = d 1 (1)
as the most prominent parameter [9-13]. The
complicated theory is based on a diffusion,
and/or reaction controlled Faradayic conver-
sion of the depolarizer. The possibility of appli-
cation of this theory to the present problem is
doubtful.

The only application of this method to EDP
has been demonstrated by Bonora ez al. [14-16].
However, only a narrow variation of parameters
was investigated in this work which was limited
to aluminium as electrode material, and only a
brief attempt at quantitative treatment was
offered. Cyclic current voltage techniques have
also been used for the investigation of the passiv-
ating behaviour of the iron electrode in the EDP
process [17], the measurement of current voltage
characteristics of the deposited wet film [18-20]

and for the examination of the delamination
process of organic coatings [21].

1t is the objective of this paper to provide for
the first time a systematic investigation of the
EDP processes by cyclic voltammetry. Voltage
range (up to 200V) and voltage scan rate
(1-200Vs™!) will be adapted to the problem.
Evaluation and quantitative treatment of all
parts of the current-voltage curves will be given.

2. Experimental details

We have used two anodic and one cathodic resin
in this study. The aqueous solutions contained a
concentration of the organic binder in the order
of 10 wt %, where bath properties are known to
be almost independent of this parameter [3]. The
solutions were partially neutralized with an
appropriate solubilizer. The bath was used with-
out the addition of pigments. Both anodic
polymers were of the acrylate type.

The ‘model acrylate’, further named MA, was
a copolymer of 10% acrylic acid and 90%
acrylicacidbutylester. It was neutralized to 81%
with dimethylethanolamine to obtain an opaque
7.5wt % aqueous solution. The same system,
but with 10 wt % solutions, was formerly used in
most of our fundamental investigations. The
other acrylate type resin was Luhydran E 33,
abbreviated to E 33, obtained from the BASF
company. A 7.3wt% aqueous dispersion was
made according to the data sheet of the manu-
facturer with the above mentioned solubilizer.
The cathodic system was of the epoxide type,
neutralized with acetic acid, which we will
further call CR.

The degree of neutralization «, and the pH
value for the three solutions were

MA: oo = 81%,pH = 8.38;
E33:0 = 143%,pH = 9.2;
CR: « = 50%,pH = 6.2

EDP was performed at a rotating disc electrode,
taking into account the great importance of
hydrodynamic conditions in the primary elec-
trodeposition process [2, 3]. The electrodes,
machined from carbon steel (St 37) with an area,
A = 0.2cm? and surrounded by a coaxial poly-
propylene cylinder, were adapted to the Analy-
tical Rotator ASRP of PINE Instruments
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Fig. 1. Schematic representation

of cyclic current voltage charac-
teristic  for  potentiodynamic
EDP. Numbered sections 1
through 12 relate to the chrono-

Comp. (Grove City, Pennsylvania, USA). The
surface of the disc electrode was polished.
Cleaning of the electrode prior to a new experi-
ment was carried out with a tissue paper wetted
with acetone as a solvent. The stainless steel
counter electrode had an area of 30 cm?, and was
located 2.25 cm below the rotating disc electrode
and parallel to it. No reference electrode was
used. The electrodes were situated in a 1000 ml
cylindrical glass vessel, filled with about 600 ml
of EDP bath. All experiments were performed at
20° C. Conversion of bath in the course of the
experiments was negligible. Further details con-
cerning the experimental set up are given in [22].

A high voltage scan generator, designed and
constructed by the BASF company in Ludwig-
shafen in 1976, allowed a voltage output
between 0 and 200V at an independent current
level up to 0.1 A. The triangular voltage wave
function could be run in the range 0.1 to 100
cycles per second. This electronic equipment was
modified by adapting an external voltage scan
rate control to be operated in a wider range and
by introducing the possibility of triggering the
voltage sweep. The voltage output was applied
directly to the electrochemical cell. Voltage, U,
across the cell drove a current I(f) through the
cell. Both electrical variables were recorded by
means of an xy-recorder ZSK 2 (Rhode and
Schwarz).

logical sequence. (D), D) . . . cycle
numbers.

3. Results
3.1. Introduction

The parameters, varied in the work, were

(a) The resin. Three types were used as
described above.

(b) The voltage scan rate v,. This is defined by
Equation 1 and was varied over the range
of 1t0200Vs .

(c) The voltage range U,,,. The experiments
started at U = 0, and voltage scan direc-
tion was reversed at a maximum voltage of

U, pax- Upax varied from 40 to 200V.

(d) The rotation speed, n, of the rotation disc
electrode. This was not varied systematic-
ally (as was done in the course of the
previous investigations [2, 3, 23, 24]), but
was held constant at two levels: n = 60
and 1000 revolutions per min (rpm).

In all cases investigated under the present experi-
mental conditions, a potentiodynamic current
voltage curve according to the schematic repre-
sentation in Fig. 1 was recorded. Initially the
current rises roughly linearly with time. There-
after, it goes through a narrow maximum, which
is about one order of magnitude below the cur-
rent rating of the apparatus. It decreases to a
minimum, rises again through a lower and flat
maximum and approaches, thereafter, a limiting
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current density ji;,, . On voltage scan reversal, the
current collapses rapidly to merge into an Ohmic
resistance line at lower voltages. This last part
could be reproduced as a steady state in all
subsequent cycles, drawn as a dashed curve with
a tenfold expanded current scale.

In order to aid the presentation and discus-
sion of the results, numbered sections 1 through
12 have been introduced at salient features of the
dynamic current voltage curve, shown in Fig. 1.
The first cycle, where the main part of elec-
trodeposition occurs, is drawn with an uninter-
rupted line; second and subsequent cycles are
indicated by dashed lines. Cycle numbers are
circled.

3.2. Variation of voltage scan rate, v,

Fig. 2 shows potentiodynamic current—voltage
curves for the electrodeposition of model acry-
late resin MA at three different voltage scan
rates, v, = 20, 50 and 150Vs~'. For the pri-
mary curves the general features already sche-
matically represented in Fig. 1 can clearly be
recognized. With increasing v,, the current peak
maximum is shifted to higher current/voltage
(J,/U,) values. Limiting current densities j, at

j ImAcm~2

0 100 UV
Fig. 2. Cyclic voltammetric curves for potentiodynamic
EDP at an iron rotating disc electrode, » = 60 rpm. Bath
composition: 7.46 wt % model acrylate MA, neutralized to
81% with dimethylethanoleamine. Variation of voltage scan
rate o,: for cycle (D) ; v, —— 20 V§ ™ aeree SOV 5™ aor =
150 Vs~L. For cycle (6); v,, ——— 20Vs™!, ~-+— 50Vs~!
and +e- -+ 150 Vs~

j/mAcm-2
4072
OJIC;
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Fig. 3. Cyclic voltammetric curves for potentiodynamic
EDP at an iron rotating disc electrode, » = 60 rpm. Bath
composition: 15wt % cathodic resin CR (epoxide type).
Variation of voltage scan rate v,: For cycle (0); v, — 5Vs™!
and 30Vs~!. Forcycle (6); v,,——5Vs~'and «~ —
30Vs.

higher voltages also increase. The Ohmic regions
10 and 11 (in the second cycle) coincide. How-
ever, deviation from Ohm’s law in the sixth cycle
occurs at a higher voltage level. Hysteresis at
that point increases with increasing z,.

An analogous behaviour was found for the
other electropainting systems. Fig. 3 presents the
cathodic binder cathodip CR at two different
voltage scan rates. Once again, j,/U, of the first
peak are shifted to higher values with increasing
¥,. Jim 18 lower, and it increases with v, at a
diminished rate.

3.3. Variation of rotation speed

An example of the influence of the rotation
speed on the voltammetric characteristics is
shown in Fig. 4. The industrial acrylate type resin
Luhydran E 33 is potentiodynamically depo-
sited at n = 60rpm and at n = 1000 rpm.
Cycles number (D), @) and () are reproduced.
The first cycle is nearly independent of this par-
ameter. The same holds for the sixth cycle,
where a quasi steady state has been attained.
However, the second cycles deviate very much
from each other. The large hysteresis in the case
of high rotation speed is indicative of redissolu-
tion in the course of the reverse scan.

Similar effects have been found at other volt-
age scan rates with the same EDP system and
with the other acrylate resin MA. The cathodic
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Fig. 4. Cyclic voltammetric curves for potentiodynamic EDP. Bath composition: 7.3 wt % acrylate type resin Luhydran E
33. Voltage scan rate o, = 20 Vs~'. The rotating disc electrode (iron) was kept at two different levels of rotation speed n:

(@) n = 60rpm and (b) n = 1000 rpm. Cycle numbers (1) , @

paint CR proved to be relatively insensitive to
rotation speed.

3.4. Variation of maximum voltage U,,,

A sequence of measurements with the model
acrylate system MA at a voltage scan rate
v, = 50Vs™' (n = 60rpm) is compiled in Fig.
5. Voltage scan reversal was performed at
U,.. = 200,100, 60 and 40V, i.c. in the sections
8,7, 6a and 6. It is a very remarkable feature of
these results that the subsequent sections, 9 and

2

and (6) are shown for each of the two measurements.

10 do not depend at all on U,,,. Moreover, the
relative length of the Ohmic line 10 in the subse-
quent cycles is fairly constant. Voltage reversal
in the region of low voltages (U < 50V) is
under current investigation. These results, devi-
ating distinctly from Fig. 5, will be published
elsewhere [22]. At a higher rotation speed,
n = 1000 rpm, currents in the section 12 of the
second cycle are appreciably higher and hyster-
esis is more pronounced. This is indicative of a
higher degree of redissolution [24].
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Fig. 5. Cyclic voltammetric curves for potentiodynamic EDP. Bath composition: 7.46% model acrylate MA, voltage scan
rate v, = 50Vs~', n = 60rpm. The maximum voltage, U,,,, was varied from left to right: U, = 200, 100, 60 and 40 V.
Cycle numbers (1) and (6) are shown for each set of parameters.
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4. Discussion
4.1. Introduction

For all voltammetric curves the different
features already pointed out in the schematic
representation of Fig. 1 have been found. The
results are in qualitative agreement with the find-
ings published by Bonora and co-workers
[14—16]. In particular, curves for a cathodic
paint in a parallel plate Al-electrode configura-
tion, e.g. Fig. 4 in [16], show a very close resem-
blance to our experimental results.

In the following, the different sections 1 to 12
of our current—voltage curves are discussed,
thus following the chronological order of their
appearance.

4.2. Section [: electrochemical polarization

We start with an electrochemical couple, blank
iron/stainless steel. The voltage is close to zero
under the conditions used. Current voltage
curves therefore go through the origin. In the
early stages of the voltage scan experiment,
polarization is negligible due to the similarity of
the hydrogen potential at an iron (stainless steel)
cathode at medium pH versus iron active dissolu-
tion potential. However, if passivation occurs at
the anode at higher current densities, the polar-
ization jumps to about 2 V. This effect is respon-
sible for the irregularities in the early stages 1 of
the rising current voltage curve, exhibited for ali
examples reproduced in Figs 2 to 5.

4.3. Section 2: current limitation by bath
resistance Ry

Bath resistance Ry limits the current in the early
stages. The curve degenerates at higher voltages

Table 1. Determination of bath resistance Ry

to a resistance line, the slope of which yields Ry:

R, - (AU} _ 1(AU
B \AI),  A\Aj),

@)

where A is the area of the rotating disc electrode,
to which the measured currents are normalized.
In Table 1, these values, varying somewhat
unexpectedly with o, but not with », are com-
pared with directly measured Ry values using an
alternating current bridge (3 kHz).

4.4, Section 3: critical H* (OH ™)
concentration

In section 2, the current density increases
linearly with time:

Jj = at

€)

The constant a is the current density scan rate,
which can be easily deduced from Equation 1 (in
the integrated form) and Equation 2 to be

a = - )

ARy
Current flow leads to water decomposition as
the main elecirode process. Thus, at the passive
iron anode, protons are injected according to

H,0 —> 120, + 2H* +2¢ (5

Oxygen dissolves primarily. Nucleation for the
formation of oxygen gas bubbles is greatly
retarded in the diffusion layer of extraordinary
high viscosity [23, 25].

Protons accumulate in front of the electrode
[2, 3]. After a time 7, the critical hydrogen ion
concentration c¢,,, at the phase boundary is
attained and coagulation of the polymer occurs
[2, 3, 23, 24, 26].

At constant current density, the time con-
stant, 7, can be calculated using the Sand

Resin Ry from Equation 2 (kQ) Ry (kQ)
directly measured
v, = 10Vs™! v, = 30Vs™! v, = 100Vs~'
MA 1.25 1.07 0.94 0.75
E 33 1.4 1.25 1.18 0.99
CR 1.6 1.56 1.35 19




POTENTIODYNAMIC ELECTRODEPOSITION OF PAINT (EDP)

831

Fig. 6. Schematic repre-
sentation of concentration
profiles in front of an
electrode for electroactive
species in a nonstirred sol-
ution (semi infinite dif-
fusion) (a) being consumed
with constant current den-
sity (Sand’s equation), (b)
being generated with con-
stant current density (start-
ing with ¢ = 0) and (c)
being generated with c.d.
increasing linearly with

(a)

equation,

2 4 ZFc*(@D)"?
= 1

J

This is due to the fact that the time dependent
concentration profiles, calculated for consump-
tion of depolarizer at the electrode (for the case
of semi-infinite diffusion leading to Equation 6),
are exactly symmetrical with the EDP-case of
accumulation of depolarizer up to a critical con-
centration c*, cf. Fig. 6a and b. This has been
experimentally confirmed by the linear increase
of 7 with j [8].

In our case, the galvanostatic experiment is
transformed into a galvanodynamic one. The
concentration gradient at the surface is no
longer constant, but increases linearly with time
according to Equation 3. The calculation,
presented by several authors for exhaustion of
diffusion layer [27-30], once again can be trans-
ferred to our problem, cf. Fig. 6c,

S 3 zFc*(nD)”

- 4

(6)

(M
a
where a is given by Equations 3 and 4.

If we assume that the current maximum 3
corresponds to the transition time t (establish-
ment of ¢* after 7 leads to coagulation; the
polymer film absorbs the main part of the volt-
age), then

)

A combination of Equations 4, 7 and § leads to

time, j = at. Figures indi-
X cate time (in arbitrary units)
elapsed since switching on
the current. ¢ = time con-
stant, (a) for attaining ¢, =
0, (b, c) for attaining ¢, =
c*.

(z=1)

U = [3/AFc(aD) "Ry Aol (9)

Introducing K for the bracketed combination of
constants we obtain, after taking logarithms;

2/3log K + 1/3log v, (10)

Fig. 7 shows a double logarithmic plot of our
experimental results with MA and CR as resins.
A straight line with a slope 1/3 can be drawn
through the measured points, confirming
Equation 10. The experimental points for E 33
are not shown, but they practically coincide with
those for MA. From the ordinate section
(log v, = 0), ¢* can be derived from K, leading

log U, =

log Up/V]
30
20
10 -
p 'Y //’/
. _-a &
- /Q/
L
3
2
1 T=TTTTT T T TTTT
1 2 3 10 20 30 100 200
log v¢/ Vs'

Fig. 7. Increase of first peak voltage U, with increasing
voltage scan rate u, on a double logarithmic plot for two
EDP systems at a rotating iron disc electrode at a rotation
speed of n = 60rpm (empty symbols) and n = 1000 rpm
(filled symbols), respectively. O—@ model acrylate MA,
O--—m& cathodic resin CR.
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topH = 1.6 for MA, which is appreciably lower
than the value derived previously [2, 3].

The deviations at low voltage scan rates and
high rotation speeds, n, can be rationalized in
terms of larger amounts of protons ‘escaping’
from the diffusion layer prior to reaching c*.
Deviations at high scan rates are due to the
competition with time constant of nucleation [2,
26].

4.5. Sections 4 to 6a. film precipitation and
conditioning

In section 4, the current density decays steeply in
spite of further increase of the voltage. A
coherent polymer film is precipitated rapidly
after the establishment of ¢* at point 3. Most of
the H"(OH ) ions accumulated at that point
are consumed by this process.

The current goes through a minimum 5 and
rises again 6, going through a second, relatively
flat maximum 6a. These sections of the overall
current voltage curve cannot be interpreted from
the electrical data alone. Additional information
must be provided from investigation of film
thickness, structure, density and other qualities,
but this is outside the scope of the present work.
We assume that reorganization and condition-
ing of the film, freshly precipitated at a very high
rate, is responsible for the current/voltage effects
in that region. Heating effects are to be excluded:
thermal energy is generated in the bath along 1
to 3, where it is easily dissipated. Along 3 to 5,
it is generated in the film, but to a decreasing
extent. Thus, a new rise of current along 5 to 6a
cannot be explained in this manner.

4.6. Section 7: space charge governed growth of
film thickness

In the section 7 of slowly decreasing current
density, a relatively high voltage is applied
across a film now compressed due to ‘condition-
ing’ and not yet grown to its final thickness. In
the high electric field strength established by this
way, charge separation in the weakly acid (basic)
ion exchange resins must occur [18]. According
to Poisson’s law, a voltage

Ney .,

v= 2ee, ¢

(11)

is absorbed in a space charge layer of thickness
L, permittivity eeg, and space charge density Ne,
(N = particle concentration of free charge
carriers, H* or OH™). From Faraday’s law, the
rate of growth of the layer thickness is

—J (12)

where m, = electrochemical equivalent and
s = density. Integration of Equation 1 leads to

U = (13)

From the last three equations, the following
current-time relationship can be derived:

s [ egyv, 2
m, (ﬁv?o Ok
Actually, a plot of ¢.d. at 100V for various resins
versus (v,)"? shows a proportionality, but with
two different slopes, cf. Fig. 8. The slope for the
sections at higher voltage scan rates must be now
considered further, for only then section 7 is in
the region of 100V, where the necessary high
field strength is established.

Calculation of a theoretical slope with the aid

of Equation 14 (m, = 107 2gC~" [26], ¢ = 10,

Vst

J = (14)

jl! mAcm™

80

- Fay
60

4.0

-20

- 9

/. N

5 10 15

Fig. 8. Linear increase of (limiting) current density () with
square root of voltage scan rate v, at U = 100 V. Rotating
disc electrode, n = 60rpm. The EDP-systems used are:
0—0 MA, x—x E 33, and a—a CR.
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Fig. 9. Evaluation of section 7 (space charge governed
growth of film thickness) in a j/z~'? plot according to
Equation 14. Rotating disc electrode, n = 60rpm, E 33 as
EDP system. 0—O g, = 20Vs~ @ @9, = 30Vs~'and
x—x o, = 50Vs™\.

t = 10s (average) and N = 10~ molcm * [18])
leads to values in agreement with the experi-
mental slopes of Fig. 8 within one order of mag-
nitude. Thus, the model is satisfactorily con-
firmed.

In Fig. 9, a plot of the experimental points for
E 33 shows a good agreement with the (£)"*-
function indicated by Equation 14. The slope
(for 20V s™!) is calculated from Equation 14, to
be3 x 107*As'"?cm™2 taking the same data as
above. From Fig. 9, this slope is found to be
1.3 x 1072As?cm~? which is in good agree-
ment. Once again the space charge model is
confirmed.

4.7. Section 8: limiting current density ji,

At even higher voltages, a limiting current den-

sity is established. In a simple model, we assume
that the film has now grown to a rather extended
thickness, and that space charges remain only in
a small part of the overall thickness, located at
the phase boundary with the bath [18, 26].
Transport in the bulk of the film is governed by
Ohm’s law:

U
kE ~ k —

L (15)

jlim
where k = specific ion conductivity and E =
electric field strength. From this equation, an
expression for the film thickness growth rate can

be derived:
di; K
_ = — 16
dt vsjlim ( )

Combination of Equations 12 and 16 leads to

12

i KS

Jim = (vs _>
me

Once again ji,,, increases with (v,)'?, as shown by
the sections at low voltage scan rate in Fig. 8.
Comparison of these experimental values with
the theoretical ones obtained from Equation 17
exhibit a surprisingly good agreement, indicat-
ing the validity of this simple model, cf. Table 2.

Finally, it must be pointed out, that j,, is
about one order of magnitude above the critical
current density j* [3, 23], where electrodeposi-
tion starts to be possible. On the other hand, the
capacitance current density

jc = CA‘vs (1 8)

calculated with C, = 107’ Fcm 2 [18], is lower
by six orders of magnitude. Moreover, capacity
currents should increase with v, rather than with
v!? as observed experimentally.

The thickness growth of polymer film as an
ionic conductor on a metal substrate bears some
analogy to the problem of thickness growth of

17

Table 2. Limiting current density jy, in section 8, at v, = 10Vs™!

Resin x (Som™')* Jim (MA cm™?) Jim (MAcm™2)
calculated from Fquation 17 taken from Fig. 8

MA 9 x 107° 2.9 3.75

E 33 9 x 107° 2.9 3.75

CR 107° 3.2 1.30

* From Table 3, with Ly = 20um and 4 = 0.2cm?
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oxide films on valve metals [31, 32], as has been
pointed out by Pierce et al. [33]. Growth of
oxide films has been investigated under poten-
tiodynamic conditions too.

4.8. Section 9. space charge governed decay of
current

On reversal of the voltage sweep direction at
U,..x» the current density decays strongly. This
effect is nearly independent of U,,,, as pointed
out in 3.4, cf. Fig. 5. At that point, potentio-
dynamic growth of the film thickness Lg stops
abruptly. However, redissolution does not play
any role in this narrow section for several
reasons:

(a) There is independence of the effect of resin
type, while redissolution is greatly affected
by it.

(b) Even under diffusion control [24], the time
constant of redissolution (> 10s) is much
larger than time constant of voltage decay
(<1s).

(c) The flat steady state Ohmic line, traced
thereafter, indicates clearly the presence of
a coherent film.

The interpretation of the voltage decay must
therefore be given in terms of relaxation of the
space charge layer in the film. Due to the
decreasing medium field strength, charges
recombine. Thereafter, normal Ohmic behavi-
our is exhibited. Similar relaxation effects have
been observed with the voltage step method [24,
34).

4.9. Sections 10 and 11: steady state Ohmic line

Soon after the relaxation process the curve
merges into a normal Ohmic line. Even on the
first reverse scan as part of the cyclic curve, a

Table 3. Determination of film resistance Ry, cycle (5)

steady state is attained which does not differ
practically from the further cycles, cf. Figs 2 to
s.

From the slope of this line, the Ohmic film
resistance Ry can be derived:

AU 1 (AU
- (30, - 56, o
F Ny A\AT )i (19)

In Table 3, comparable with Table 1, Ry values
derived from the slope of potentiodynamic
Ohmic lines and those measured directly at the
unpolarized film with an alternating current
bridge immediately after switching off the volt-
age, are compiled at three voltage scan rates.
Once again, Ry is hardly affected by rotation
speed =.

At lower voltages the dynamic current drops
well below the critical current density j *. Never-
theless, redissolution is practically negligible in
this region. The situation compares well with the
‘residual current’ j,, finally attained in the course
of electrodeposition at constant voltage. We
interpret this behaviour in terms of neutraliz-
ation of incoming free base B or acid HA, e.g.

B + H* ==BH"* (20)

H* originates from the ionic flow through the
film at a rate j *; in the steady state, H*-ions are
injected at the same rate at the phase boundary
Fe/film according to Equation 5. In this way, the
film is protected from attack by the free solu-
bilizer. We do not believe that at that point, a
dynamic equilibrium film redissolution/film
deposition is attained [35]. If this were so, the
concept of critical H*—(OH™—) concentration
c*, proved by several independent methods [24,
26], would loose its physical significance.

4.10. Section 12: Child’s law

Returning to high voltages at 12 in the course of

Resin Ry from Eguation 19 (MQ) Re (MQ)
directly measured
o, = 10Vs~! v, = 30Vs~! v, = 100Vs™!
MA 0.95 0.93 0.88 1
E 33 0.90 0.91 0.93 1
CR 0.98 0.99 0.85 0.9
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cycles @, Q) ..., appreciable positive devi-
ations from Ohm’s law have been observed. The
current rise is more than proportional to the
voltage. Our former evaluation of MA behavi-
our [18] led to a current—voltage relationship (at
a constant L)

j = BU™ 2n
where B was a consant and nc was found to be
between 5 and 7. This corresponds to Child’s
law, valid for charge transport in a space charge
layer with traps cf. [36]. ne will be two for normal
charge injection into a space charge layer of
constant space charge density. An ab initio
model was presented in [18].

In addition to this effect, the current rises due
to some redissolution of the film at very small
voltages. This view agrees well with our model
presented in Section 4.9, for the ‘protection
mechanism’ of neutralizing incoming solubilizer
looses its validity with decreasing c.d. (j = 0,
Jj <€ j*). Under these conditions, the current
density will rise to ji,, especially at high #- and
at low v,. This is clearly indicated by the exemp-
lary curves reproduced in Figs 2 to 5. Large
hystersis effects are observed under super-
position of both effects.

5. Conclusions

Our systematic investigation of potentio-
dynamic EDP leads us to well differentiated and
structured voltammetric curves. They are
characterized by a primary steep current peak
(at low voltages) and a limiting current density
at high voltages. Starting with the second cycle,
quasi steady state Ohmic lines are established in
almost the whole range of voltages.

The measuring technique is very common in
electrochemistry. If a high voltage triangular
voltage generator is available, measurements
can be performed easily and rapidly. A two-
electrode arrangement is feasible, for polariz-
ation is small compared with cell voltage. This
should facilitate introduction of such an exper-
imental technique in paint laboratories. More-
over, simple stationary electrodes seem also to
be feasible, since our experiments at the rotating
disc electrode demonstrated virtually no influ-
ence of rotation speed under most experimental
conditions.

The method seems to be well suited to charac-
terization of EDP-resins. (Correspondence to
parameters of technical significance has been
pointed out in the Discussion.) The curves have
more pronounced features than curves derived
from the usual chronoamperometry or chrono-
potentiometry. Reproducibility of the curves is
quite satisfactory. Finally, correspondence with
the industrial process, where voltage is often
stepped rather than constant, is remarkably
close.
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