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Autophoretic coating (AC) is a complex chemical process consisting of various electrochemical partial
reactions such as metal corrosion, hydrogen evolution and peroxide and oxygen reduction. While the
redox potential of the bath is very positive, about 0.6 V, the coating process takes place at about
— 0.2V dependent on the bath composition. The low conductivity of the bath is necessary to maintain
the dispersion, but it hinders the kinetic investigations. Nevertheless potentiodynamic polarization
curves show that the diffusion limited peroxide reduction and the corrosion of iron are the most
important reactions. From the corrosion current density a maximum weight loss of 0.1 mgcm 2 is
estimated for a standard film of 20 um thickness. Hydrogen evolution is almost negligible during the
first period of dipping. This conclusion can be justified by measurements in the hydrogen permeation
cell. The partial current densities are not influenced by various emulgators, but the dispersion
catalyses the hydrogen evolution and inhibits the anodic corrosion. The diffusion of peroxide is
hindered. Potentiostatic measurements in various solutions show the role of ferrous ions deriving from
corrosion in the case of iron or by reduction of ferric ions in the case of gold. Measurements at a disc

electrode show that the cathodic reactions are dominated by diffusion and migration.

1. Introduction

The corrosion protection of steel made great progress
due to the development of polymer electrode position
processes. Important contributions were made by
Beck (1, 2]. Autophoretic coating (AC) is a similar
new industrial technology which simultaneously pre-
treats and coats metal surfaces [3, 4. The metal is
dipped into the coating bath for some minutes, washed
in demineralized water and dried at 100°C. Like
modern cathodic electrophoretic coating (EC) or
cathodic electrodeposition of paint a colloidal disper-
sion is deposited at a metal surface by an electrochemi-
cal reaction. There are many similarities between these
two technologies. In both systems the coating thick-
ness is a function of time, and the process is applied to
the metal surface. The thickness of the deposition
generated is highly uniform. After drying, a very
stable film with high corrosion protection properties is
obtained. But in contrast to EC the external current is
zero. While EC requires expensive electric equipment,
AC exclusively uses chemical action to deposit the
film-forming ingredients on the metal substrate.

For AC the coating bath consists of a water-borne
“polymer dispersion’ and a “‘starter”. The coagu-
lation process is started by pickling of the metal sur-
face in a complexing acid containing an oxidizer. No
organic solvent is needed. Polymers of high molecular
weight can be used. The temperatures for film drying

are low. The energy costs for depositing and cross-
linking of the polymer can be saved. Any risk for
workers, such as handling of high electric voltages, are
avoided. Thus, in comparison to EC, many advantages
arise, which favour future application of this tech-
nology [5, 6].

In spite of the very simple technology, the kinetics
of the deposition reaction are rather complex. Few
papers investigate the formal kinetic aspects e.g. the
increase of rate with the concentration of peroxide
or the film growth according to a square root law
dyy 12 [4-8] or the influence of the underlying
metal. In this paper, we analyse the electrochemical
kinetics of the corrosion reaction for iron as the most
important metal compared with gold as an inert metal.
The coagulation of the dispersion will be discussed in
a paper to follow. A further important parameter is
given by the nature of the polymer. Herein we only
refer to polyvinylidenchloride which forms a stable
film with optimum insulation properties.

~

2. Principles and analysis of the corrosion reaction

The “‘starter’” contains a complexing acid (HF) and an
oxidizer (H,O,). The corrosion process is expressed as
follows [8, 9]

Fe + z/2H,0, + zH* — Fe'™ + zH,0 (1)

where z = 2-3. The corrosion reactions under the

* This paper is dedicated to Professor Dr Fritz Beck on the occasion of this 60th birthday.
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Fig. 1. Schematic representation of migration, diffusion and reac-
tions in autophoretic coating.

growing deposit are demonstrated in Fig. 1. The reac-
tion is more complicated than described by Equation 1.
For electrode reactions, which take place at a metal
surface by charge transfer, the kinetics can be dis-
cussed in terms of the external current density,
which is the sum of the partial current densities,
expressed as

0

> +(U)+Z

m=1 n=1

i(U) . (U) 2
where i * and i~ are the anodic (corrosion) and cathodic
(reduction) current densities of the partial reactions
which depend on the potential U. For the special
composition of the coating bath the partial reactions,
given in Table 1, have to be considered. The equi-
librium potentials of iron, hydrogen or the redox
system, however, and the exchange current densities,
Iy, are of minor importance. The technical process
takes place at the corrosion potential, U, , where the
external current density, i, is zero. This means that
the anodic reaction of metal dissolution has to be
compensated completely by the cathodic reactions of
reduction of the oxidizer or hydrogen evolution.
Changing the electrode potential, U, the cathodic or
anodic reactions are accelerated and can be analysed
separately. This is shown in the speculative Fig. 2. The
sign and the value of i give information on the rate of
partial reactions taking place at the metal surface at a
given U. By extrapolation of the current densities to
U, the corrosion current density i,,,, can be estimated.
In pure HF-solution, U, is determined by the Tafel
lines of hydrogen evolution and anodic corrosion.
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Fig. 2. Schematic diagram of partial current densities in the auto-
phoretic coating process.
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Fig. 3. Stability diagram of the polymer dispersion.

This process has two disadvantages: it is too slow, and
the evolving hydrogen bubbles hinder the film forma-
tion. Hence, accelerators X * are added, which shift U
to the more positive value U, > U, probably
working in the region of diffusion limitation i,(X) =
i~ Lhere are, however, no previous literature about
these partial reactions.

The integral of i, over the dipping time #,, is
proportional .to the quantity of the metal dissolved
during the coating process.

MFe foath

. M eicorrt a
ZF Ji=o corr(t)dl = —FTbth (3)

Mg, =

2.1. Electrochemistry in dilute salutions

The aim of this paper is the investigation of the fun-
damental aspects of electrochemical kinetics. Such
investigations should be carried out in an excess
supporting electrolyte to exclude the effects of the
diffuse double layer and to minimize the ohmic drop.
In the case of AC, however, the necessary stability of
the emulsion excludes salt concentrations exceeding
0.1 M. Figure 3 shows the influence of salt concen-
trations and pH. Acid solutions are necessary to
achieve fast corrosion and coagulation. In neutral
solutions, hydroxide formation takes place. The tech-
nical bath is located at the left edge of the stability
region of the dispersion. (The region at the lower left
edge is physically not accessible.)

Finally, the maintenance of a diffusion potential is
important for the rate of the process. Therefore, the
investigations were carried out in dilute solutions
which may limit a straightforward kinetic analysis.
Hence, approximations must be accepted for the
analysis of the technical process.

3. Experimental details
3.1. Autophoretic coating chemicals

The concentrated polyvinylidenchloride latex (40%
polymer solids by weight) was diluted to 0.5 to 10%
latex. The latex was stabilised by anions such as
sodiumlaurylsulphate ([C,,H,;—-OSO,]Na).

Two different starter systems were used. The first
was a commercial AC-starter, applied by Henkel
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KGaA Diisseldorf. The concentrated solution was
diluted to 5% (by volume), in the following called
“starter”. To simulate the technical starter a second
one was prepared by adding 0.1M HF, 0.1M H,0,
and 0.03M FeCl,. For special measurements the
composition of this simulated starter could be varied.
The influence of oxygen from the air on the cor-
rosion process was analysed by bubbling nitrogen gas
(99.999% N,) through the solution and by using
aerated solutions, respectively.

With both starter systems a standard coating bath
was prepared, containing 5% polymer solids (*“stan-
dard”). The deposited polymer layers of both baths
were highly uniform and of good quality. For testing
the bath, iron (Vacufer S1) and steel (ST 1405) panels
were immersed in the stirred solution (magnetic stirrer
4 Hz) for 120s. After removal from the bath the coat-
ing process was completed in air for 60-90s, then the
panels were washed in millipore water for 30s. After-
wards they were dried with forced air circulation at
100°C for 1800s. The thickness d,, of the dried
polymer was measured using a Minitest 2000 (measur-
ing sonde F 400, Elektro-Physik, K6In). For standard
conditions, d,, was in the range of 20 + 1 um. Local
deviations of thickness were less than 5%.

3.2. Electrochemical measurements

The clectrode potential, U, was measured against a
mercury/mercury sulphate electrode (0.680V) in
acid solution or a mercury/mercury oxide electrode
(0.165V) in alkaline solution. The reference electrodes
were separated from the solution by a glass frit (G 4).
All potentials given in this paper are referred to the
standard hydrogen electrode (SHE).

Tafel plots were measured for the different electrode
reactions with potentiodynamic sweep rates of I mVs™!
(Schiller potentiostat and IBM-AT microcomputer).
To evaluate the contribution of a partial reaction to
the overall process of corrosion, the composition of
the starter solution was changed. Six different starter
solutions were used: (a) 0.1 M HF (N,); (b) 0.1 M HF,
0.1M H,0, (N,); (¢) 0.1M HF, 0.03M FeCl; (N,);
(d) 0.1M HF, 0.2atm O,; (¢) 0.1 M HF, 0.1 M H,0,,
0.03M Fe'*, 0.2atm O, and (f) 5% standard starter,
0.2atm O, (*‘starter”).

Measurements under addition of the polymer dis-
persion gave the inhibitive effect of latex particles
(“standard”) or adsorbed emulgator molecules. In
these solutions, however, film formation overlapped,
the rate of the process decreasing with time. There-
fore, the results refer to an intermediate time of about
30s, in the case of potentiodynamic anodic measure-
ments to 7 = 50 to 100s.

For measurements at the rotating disc electrode
iron and gold discs were fixed to a metal cylinder
which was surrounded by a Teflon cover and the
disc electrodes were fixed by Epoxid (Biphenol-A-
Epichlorhydrin, Fa. Ciba Geigy). After drying the
electrodes were polished. The standard rotation fre-
quency, f, was 40 Hz.

Table 1. Partial reactions of the overall process of corrosion during
autophoretic coating. (The equilibrium potentials are calculated for
the actual composition of the coating bath)

Fe-dissolution (cp2+ = 107 M) U,
Fe — Fe’* + 2e~ —0.62V
H,-evolution (pH2.3, py, = latm)
(@)
H + ¢ — Had—" %HZ —0.14V
L(b)
Habs
H,0,-reactions (pH 2.3, Cuyo, = 0.1M
1H,0, + H' + ¢- — H,0 161V
O,-reduction (pH 2.3, Po, = 0.2atm)
(a) 0, + 4H* + 4e~ — 2H,0 LooV
(b) 0, + 2H* + 2¢~ — H,0, 0.56V
Fet -reduction (cp3+ = 0.03M, cpar = 107 M)
(a) pH < 243 Fe** + ¢- — Fe’t 1.04V

(b)  pH > 243 FeOH** + H' + ¢~ — Fe** + H,0

3.3. Permeation technique

At iron or steel surfaces, cathodically produced
hydrogen enters the metal (hydrogen embrittlement)
causing a loss of rigidity. With permeation measure-
ments a quantitative evaluation is possible [10, 11],
Therefore, the contribution of the hydrogen evolution
to the process of corrosion can be estimated.

Two identical electrochemical cells were separated
by a thin metal membrane (dg, = 0.5mm). Hydrogen,
produced at the cathodic side of the membrane, enters
the metal (Table 1-2b) and diffuses to the rear side. At
the anodic side the current density, i,,, was measured
potentiostatically (U, = 0.22V, 0.1 M NaOH (N,)).
All hydrogen atoms are oxidized to protons, and the
hydrogen concentration at this side is always zero. In
order to protect the anodic side against corrosion, it
was coated with a thin layer of palladium (dpy =
0.1 gm).

At the cathodic side hydrogen was produced poten-
tiostatically at a negative potential (U < U,,,) or by
free corrosion. If oxidizing agents are present, the
adsorbed hydrogen atoms react (e.g., with oxygen)
according to Equation 4 [11]:

2H, + 30, — H,0 “4)
and the cathodic hydrogen concentration is dimin-
ished. This can be seen by the decrease in the anodic
current density, 7,,.

4. Results

4.1. Equilibrium and corrosion potential

Open circuit potentials were measured in various sol-
utions with the steel electrodes or inert gold elec-
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Fig. 4. (A) Equilibrium and (B) corrosion potential measured
during autophoretic coating of Fe-electrodes. A polyvinyliden-
chloride dispersion with 5% polymer solids was used with-different
concentration (a) of the “starter” (Henkel); (b) 0.1 M HF; (c) 0.1 M
HF, 0.1 M H,0,; (d) 0.t M HF, 0.03M FeCl;; (¢) 0.1 M HF, 0.1 M
H,0,, 0.03 FeCl,.

trodes. Figure 4 shows typical time dependencies of
potentials while Table 2 summarizes the average
values. The potential of the gold electrode is about 0.8
to 1.0 V more positive than that of the steel electrode.
This is due to the two different electrode reactions.

4.1.1. Me/Fe**, Fe*™. For inert metals (Me = Au, Pt),
the equilibrium potential is given by the redox couple.
In the autophoretic coating process the potential is
determined by Fe**/Fe** and H,0,.

2Fe** + 2H* + H,0, = 2H,0 + 2Fe* (5)

This potential can be calculated by applying the Nernst
equation to the equilibrium reaction of Equation 5
taking into account the complexation of Fe’* by F~.
In the technical process, the potential is measured for
the control of the bath composition, it should be in the
region of 0.6 V. The data of Table 2 show that the
potential is shifted in the anodic direction by addition
of oxygen, H,0O, and FeCl, or both. It is more positive
than that of the technical bath which is due to com-
plexation by F~-ions, or that of 0.1 M HF which has
no oxidizing component.

4.1.2. Fe/Fe’*. The corrosion potential (U, =
—0.2V) of the iron electrode can be roughly estimated
by extrapolation of the cathodic and anodic Tafel

Table 2. Measurement of corrosion (Fe) and equilibrium (Au) poten-
tials during autophoretic coating. (The values in brackets are for the
pure starter without dispersion)

Different starter U (V/SHE)

Fe/5% dispersion  Au/5% dispersion

“standard” bath (Henkel) —0.22 (—0.26) 0.65/0.53*
0.1M HF —0.22 (-0.29) 0.49
0.1M HF, O, —0.22 0.65
0.1M HF, 0.1M H,0, +0.13/—0.22* 0.65
0.1 M HF, 0.03M FeCl, —0.22 0.82
0.1 M HF, 0.1M H,0, —0.22/—0.16T 085

0.03M FeCl,

* potential shift by use of the bath in long terms
1 potential shift at dipping time of 120

lines in Fig. 2. Dependent on the cathodic reaction,
the potential can be shifted by variation of the starter
composition to U,,. As Fig. 4 and Table 2 show,
U, = —0.2V is most negative in HF, but with
addition of H,0, and FeCl; it shifts in the anodic
direction.

The corrosion potential of the metal in the pickling
solution gives thermodynamic information as to
which cathodic reactions can take place at the corrod-
ing metal surface (for equilibrium potentials calculated
for the actual concentrations of the bath see Table 1).
It follows, that all cathodic reactions of Table 1 can
take place at the corroding iron surface.

4.2. Contribution of partial reactions on the overall
process of corrosion

To evaluate the contribution of partial anodic and
cathodic reactions, potentiodynamic measurements
were carried out in 0.1 and 1 M HF, in the “starter”
and in the “standard” bath. Current potential curves
were recorded beginning at the corrosion potential.
They are shown in Fig. 5 as Tafel plots. Quantitative
data derived from Figs 5-8 are summarized in Table 3.
Due to the low conductivity of the solutions, ohmic
drops are high, and straight Tafel lines can be obtained
up to several mA cm 2 only. Further, it should be
pointed out that the diffusion conditions are ill-defined
in the simulated technical process, since the forming
polymer film disturbs the flow conditions at the disc
electrode. Finally, in the film-forming solutions the
concentration of adsorbates at the interface Fe/H,O is
not constant. Hence, quantitative results given in
Table 3 should not be overemphasized.

In pure HF, at cathodic overpotentials, only hydro-
gen evolution is possible. Reasonable Tafel lines with
transfer coefficients of 0.3 to 0.4 are obtained at
current densities below 10mA cm 2. At high current
densities the curves indicate the increasing ohmic
drop.

The anodic Tafel lines correspond to the dissolution
to Fe?* -ions. At the surface the formation of Fe’* is
thermodynamically impossible. Oxidation according

-1 ;
—~-c0IMHF"“_1MHF R
~ 4 R -
starter "~ Sy -
. 2 Y s
o = A o
£ -2 e
v standard ;
NS
o -3
o
—[p T T T
-15 -10 -05 0 05
U (V/suE)

Fig. 5. Tafel lines obtained from if/U-measurements (sweep rate
ImVs~', started at corrosion potential) at Fe-wires (diam. 0.5 mm,
electropolished). Anodic reaction: Fe-dissolution. Cathodic reac-
tion: H,_ evolution and H,0,-reduction. Stirred solutions (magnetic
stirrer 4 Hz): 1M HF (N,) and 0.1 M HF (N,); 5% “starter” (N,)
and autophoretic “standard” bath (N;).
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Table 3. Kinetic data of the partial reactions in the autophoretic coating bath (magnetic stirrer 4 Hz) obtained from potentiodynamic

ifU-measurements shown in Fig. 5

. :H202
U i iGE

System corr corr b~ @ b* at
) (mAem™?) (mAcm™?) (mV) (mV)

5% “starter” -0.26 2.33 3.04 390 0.10 94 032(z = 2)
021 (z=3)

“standard” bath -0.21 1.00 1.00 812 0.07 205 0.15

0.5M H,S0, —0.24 1.00 - 140 0.43 60 0.50

M HCl —0.20 1.00 - 96 0.63 75 0.40

0.1M HF —0.30 0.25 - 195 0.30 60 0.50

IM HF -0.30 0.34 - 158 0.37 51 0.59

0.!M HF —0.20 0.25 - 195 0:30 60 0.50

5% Polymer

IM HF —0.24 0.15 - 158 0.37 29 1.03

5% Polymer

to Equation 5 takes place in the diffusion layer or in
bulk solution only. At high anodic overpotentials
(U -~ U, > RT/zF = 25mV/z) all cathodic reac-
tions are negligible and the iron dissolution can be
analysed separately. Tafel lines were obtained with a
slope of bt = 50 to 60mV (Fig. 5). With z = 2 in
Equation 1 these slopes correspond to transfer coef-
ficients, o™, about 0.5, which are reasonable values for
iron.

The corrosion current density obtained from Fig. 5
for HF is much less than in other acids (see Table 3).
In the “starter” the hydrogen reaction is slower, but
near the corrosion potential a cathodic step is observed
which is due to the diffusion limited H,0O,-reduction.
The anodic reaction is slightly hindered. Hence the
whole current/potential curve shifts in the anodic direc-
tion, but the extrapolated corrosion current density
ior = 2.3mAcm 2 is very high.

In the standard bath, the measurements are extremely
difficult since the electrode is rapidly covered by the
growing film. It can be easily seen, however, that the
anodic reaction is slightly inhibited, as is also the
cathodic H,0O, reaction. The corrosion potential
shifts in the anodic direction, and i, remains in the
milliampére range.

As a first approximation the acceleration of the
cathodic reactions and anodic reactions in the starter
solution and the standard bath can be explained by
the superimposed diffusion current density of H,0,-
reduction. The contribution of the hydrogen evolution

to the overall process of corrosion is small (i, = 0.2-
0.3mA cm™?). In the presence of H,0, the corrosion
reaction runs with much higher corrosion current
density (0.1M HF: i, = 0.25mAcm™?; starter:
ior = 2.33mAcm?).

This is a very important point for the coating pro-
cess. Large cathodic current densities are necessary to
compensate the corrosion process, but the hydrogen
evolution must be suppressed. At current densities
exceeding 1 mA cm 2 H,-bubbles are formed at the
metal/coagulate interface, which may interrupt the
polymer film [12].

Using Equation 3, the weight loss of iron during the
AC-process was calculated. For a given film thickness
of 20um it is less than 0.1mgem™ ie. the iron
removal by pickling is less than 0.5 um. This can be
correlated with the film growth [6]. The stoichiometric
contribution of Fe** to the film composition is small,
or negligible, as is typical for a coagulation process.

4.3, Inhibition by latex particles

The polymer dispersion contains latex particles with
diameters in the range 0.02-02 um. The transport of
ions in the bath can be limited by these particles. The
influence of the polymer dispersion on reactions,
running with limited diffusion current density, has
been analysed by changing the polymer concentration.
These measurements are shown in Fig. 6. The dif-
fusion current density of 3mAcm™? in the starter

Fig. 6. Tafel plot for different concentrations of the
polyvinylidenchloride dispersions. Standard ‘‘starter”
solution containing 0%, 0.5% and 5% of polymer solids.

Tafel lines are obtained from i/ U-measurements (1mVs~!,

-1
0% dispersion
<& 05% dispersion\
‘e o 5% dispersion s
G N
\i(, idiﬂ?:BmA em2
= 22mA-em ™ ——---— - T
8 -3 AmA-em? - - - - - - .
¥
b
—lf T N T
-15 -1.0 -05 0
U (V/skE)

05 magnetic stirrer 4 Hz, N,-saturated) at Fe-wires (diam.
: 0.5mm, electropolished). Diffusion current density of
H,0,-reduction indicated.
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Fig. 7. Catalytic and inhibiting effect of the polyvinylidenchloride

dispersion (ImVs™', Fe-wires diam. 0.5mm, electropolished).

Stirred solutions (magnetic stirrer 4 Hz) containing (a) 0.1 M HF
(N,) and (b) 0.1 M HF (N,) with 5% polymer solids.

solution is reduced to 1 mA cm™? in the coating bath
containing 5% polymer solids. Simultaneously, the
anodic reaction is inhibited. As a consequence, U,
shifts in the anodic direction.

In addition, the influence of the polymer dispersion
on the hydrogen evolution has been analysed in the
absence of H,0, (Fig. 7). While this reaction is negli-
gible in the starter solution, it increases with increas-
ing polymer concentration. To suppress the hydrogen
evolution the composition of the coating bath must
be chosen carefully. The inhibition of the anodic reac-
tion is again indicated by the anodic shift of U,,.

4.4. Test of inhibition by emulgator molecules

The polymer dispersion is stabilised by emulgator
molecules, adsorbed at the surface of the latex par-
ticles. By coagulation these emulgator molecules can
be separated from the latex particle and adsorb at
the metal surface. The inhibition or catalysis of the
corrosion reaction by these surface active species is
possible.

The influence of emulgator molecules has been
measured at iron electrodes in 0.5M sulphuric acid.
Results are shown in Fig. 8. The anionic emulgators

sodiumlaurylsulphate (LAU = [C,H,,—OSO;]Na),

0
— _1- N
& ,
§ 2] 0sMHsN
< _3demulgators
S u
o -4
2 ALK

.54 PHO

-6 .

-10 -05 0

U (V/snEe)

Fig. 8. Test of the inhibition effect of different emulgators (0.2 gdm*)
on the active corrosion of iron in 0.5M H,SO,. Emulgators:
sodiumlaurylsulphate (LAU), alkansulphonate (ALK), sulpho-
succinate (SUL), phosphate emulgator (PHO). Fe-wires (4 =
0.5cm?), electropolished, stirring by N,-bubbles.

sulphosuccinate (SUL = R'OOC-CH,-CH(SO,Na)-
COOR?), alkanesulphonate (ALK = [R-SO,-O]Me)
or phosphate emulgator (PHO) were tested in com-
parison to frequently used inhibitors like N-benzyl-
chinoliniumchloride (BC = [C,H,N-CH,~CH;]CIl)
and thiourea (TU = SC(NH,),). To stabilize the dis-
persion 0.2 gdm* (1073 M) of an emulgator is added.
The inhibition effect, tested for all substances at this
small concentration, was negligible. This is desired,
because reasonable corrosion rates are necessary to
get coagulate layers of good quality [4].

4.5. Potentiostatic layer formation

To check the influence of the partial reactions on the
real film growth, electrodes were potentiostatically
painted for 30's in various solutions with an optimum
slow stirring rate of 4 Hz. Figures 9 and 10 show the
results for gold and iron, respectively. The experi-
ments with gold were useful, since the contribution of
the corrosion could be eliminated. At gold no film
growth was observed in the absence of FeCls, but thin
films could be formed in its presence (reduction of
Fe*" to Fe*™). This proves the role of Fe** -ions for
the coagulation. The potential dependence is almost
negligible since the deposition takes place under dif-
fusion control.

In contrast, fast film formation takes place at iron,
since Fe?* jons are formed by anodic corrosion which
can be compensated by the reduction of Fe’* or H,0,.
Here again the dominance of Fe?* -ions for the coagu-
lation process can be shown with the experiment in
HF. On the cathodic side without corrosion, film
growth is impossible. Anodic dissolution, however,
causes the coagulation.

The correlation with the current potential curves at

-1' HF,Hzoz,Fecl3

log lil (A cri @)

«

£ 3l

o HF,H,0,FeCl; no coagulation

£ 2 HF; FeCl, HF

g 1J standard HF,H,0,

g
0 Ao -0 -Qlo o o5-o-o-o
-1:0 -8 -06 -04 -02 0 0.2

U (V/sne)

Fig. 9. Film weight at the Au-electrode after potentiostatic polariz-
ation for 30s, magnetic stirrer 4 Hz. 5% dispersion with various
starters: (a) 0.1 M HF; (b) 0.1M HF, 0.1M H,0,; (c) 0.1M HF,
0.03M FeCl;; (d) 0.1M HF, 0.1 M H,0,, 0.03 FeCl;. Upper part:
Tafel diagram for the starters without dispersion at the rotating
gold disc electrode at 40 Hz.
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the rotating disc electrode will be discussed in the next
section.

4.6. Diffusion current densities

To analyse the cathodic diffusion current densities
a rotating disc electrode was used. The solutions,
however, were used without the latex only. Results of
potentiodynamic measurements at 40 Hz are shown in
the upper part of Fig. 9 for gold.

The oxygen reduction was measured in aerated
0.1 M HF (0.2 atm O,), compared to nitrogen saturated
HF. The step between 0 and — 0.2 V shows the expected
diffusion limited current. Increasing current densities
are observed for a standard starter, H,0,, FeCl; or
both. The diffusion limitation is not so pronounced as
usual due to the dilute electrolyte with low conduc-
tivity. In the case of reduction of protons or ferric
ions, the migration overlaps the diffusion.

For iron electrodes, the correspondent curves are
shown in the upper part of Fig. 10. Here, however, in
addition to the cathodic reactions, anodic iron dis-
solution is also seen.

4.7. Permeation measurements

It was concluded above that in the technical pro-
cess cathodic hydrogen evolution is substituted by the
reduction of the accelerator H,O,. To check this con-
clusion, measurements in the permeation cell were
carried out.

Initially, the measuring cell (cathodic side) was
empty, but the anodic side was used normally. After
removal of all hydrogen from the metal membrane
(10h) a very small anodic current density i, =
50 nA cm~? was measured. The investigated electrolyte
was placed in the cathodic compartment of the double
cell. Corrosion took place immediately, as observed
by establishment of the corrosion potential.

To check the method 0.1 M HF was initially used

HE, H,0,,FeCl,

‘31 HF, HZOZ
standard

log il (A cm 2)

Mpol (MQ cm™2)

06 -0k -02 0 02
U (V/sHE)

Fig. 10. Same measurement as in Fig. 9 at Fe-electrodes.
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Fig. 11. Permeation curves measured during coating process. The
permeation current density i, , measured at the rear side of an iron
membrane, is a function of hydrogen, adsorbed at the cathodic side
of the membrane. (a) Standard “starter”, (b) “‘standard” bath,
(c) starter until i, is constant (300s), than addition of an corre-
sponding amount of the dispersion (5% polymer solids in bath).

(not shown in Fig. 11). In this case the cathodic reac-
tion was pure hydrogen evolution. The penetration
time for hydrogen diffusion through the metal mem-
brane was 190 s. After 300 s the stationary permeation
current density iy = 3 uA cm™? was established.

Thus, in the starter solution, during the immersion
time of 120s, no hydrogen penetration can be seen.
Therefore the analysis of a time interval exceeding
Smin 18 necessary. After 300s a small amount of
hydrogen permeation took place. This observation
can be explained by the oxidation of any H,, by H,0,.
Hydrogen evolution does not take place. This is an
additional proof for our prediction that the auto-
phoretic corrosion reaction takes place according to
Equation 1 without hydrogen evolution.

The catalysis of the hydrogen evolution by the poly-
mer dispersion, predicted from the results of Fig. 7 can
also be seen in this experiment. If the polymer disper-
sion is added to the starter (Curve ¢ in Fig. 9) or if the
standard coating bath is used (Curve b), the stationary
permeation current density ig increases by a factor of
three.

5. Discussion

The corrosion of iron in the autophoretic coating bath
depends on the cathodic reaction. The kinetics of these
reactions have been analysed. The rate of corrosion
can be described according to Equation 6:

icorr(Ucorr) IFZ(U) = Ill-;r'(U) + |113;2+|(U)
+ ligl(c) (6)
igie(€) Ii1,0,(€) + io,(€) + gz (c) (7

With potential/time measurements the thermodynamic
possibility (depending on the equilibrium potential of
redox couple and the corrosion potential of the metal)
of these cathodic reactions, taking place at the corrod-
ing metal surface, has been checked. Potentiodynamic
current potential measurement gave the rate of these
reactions. The kinetic data are summarised in Table 3.
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At corrosion potential the dominating cathodic reac-
tion is H,0,-reduction. In addition, this has been
proved in the permeation cell. The H,0,-reduction is
limited by diffusion. The diffusion current densities of
Fe*t -reduction have to be taken into account, too,
while that of oxygen is small due to its low concen-
tration. The corrosion current density is limited by
the sum of these three reactions. Hydrogen evolution
can be neglected. Addition of the polymer dispersion
decreases the diffusion current density and thereby the
corrosion current density.

Destabilisation of the dispersion causes coagulation
onto the metal surface. The stability of the dispersion
is a function of ionic strength of the solution and pH,
shown in Fig. 3. Due to corrosion, these parameters in
the diffusion layer are very different than in bulk of
solution. The importance of corrosion kinetics for the
autophoretic coating process can be summarized
under 5 headings:

(1) .oy = f(£i7). For the coagulation process fast
corrosion (high corrosion current density) is needed.
The value of i, depends on the cathodic reactions.
While the rate of reactions, limited mainly by dif-
fusion, are reduced with increasing polymer concen-
tration, the hydrogen evolution is catalysed. At high
current densities bubbles are formed at the interface
Fe/coagulate, which interrupt the polymer film. This
should be avoided.

(ii) My 4y = f (i )- Due to rapid corrosion a diffusion
layer at the metal surface is established. The conduc-
tivity of the bath is low (2-3mS cm~'). From the very
different concentration and transport properties of
ions like Fe** and OH™, produced by corrosion, a
diffusion potential arises. Thus a field results which
causes an acceleration of the transport of the highly
charged latex particles to the metal surface by nearly
one order of magnitude [13]. The accelerated depo-
sition of latex particles depends on the corrosion
process.

(iti) mg, = f(icon ). The adherence and quality (colour,
corrosion resistance) of the paint, retained after drying
the coagulate layer, depends on the corrosion of the
metal surface. For the coating bath a corrosion current
density of 1mA cm 2 has been measured. The very
small quantity of metal dissolved during the coating
process has been estimated to be my, < 0.1 mgem 2

(iV) igory = constant # f(tyn). The homogeneity of
deposit requires a self inhibiting mechanism. Parts of
the metal surface, which have been coated quickly at
the beginning of the coating process, grow slowly. The
corrosion current density is constant during the coat-
ing process. This means that the inhibition effect
cannot be explained by diffusion of ferrous ions
through the coagulate deposit. On the other hand,
with increasing thickness of coagulate (increasing
distance to the metal surface, where ions are produced
by corrosion) the field strength, generated by the
diffusion potential, decreases. With growing coat-
ing thickness the acceleration of latex transport by
migration is reduced.

(v) z = 2. Only Fe** is formed by corrosion. This
causes the deposition of the latex near the surface.
In the bulk solution, of course, ferrous ions must
immediately be oxidized to guarantee the bath stab-
ility. Therefore the oxidation potential must be con-
trolled during the process.
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