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ABSTRACT

In this paper, the impedance spectra of an epoxy zinc-rich coating (ZRC) and its free film immersed in
3.5% NaCl solution are investigated, the fitting error and model parameter trends of series and nested
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equivalent circuit fits are compared, and the differences in the high-frequency components of the

ZRC and the epoxy coatings are analyzed. The results show that the high-frequency impedance of
ZRC is the contact impedance between the zinc powders (Z,,) rather than the film impedance (Z).
The corrosion reaction of the ZRCs is controlled by the diffusion of oxygen. For ZRCs, the series
equivalent circuits are more reasonable compared to the nested equivalent circuit. Based on the
series equivalent circuit, the variation law of the equivalent circuit elements (resistors, capacitors
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and dispersion coefficient) and the correlation of these elements with low-frequency impedance
modulus (|Z|o0112) and open circuit potential (OCP) are investigated in this paper.

Introduction

Electrochemical impedance spectroscopy (EIS) has been
widely used in electrochemical research. The equivalent cir-
cuit-based modelling method is a common method to ana-
lyse EIS. The prerequisite for analysis based on the
equivalent circuit method is the establishment of an accurate
equivalent circuit model. However, electrochemical pro-
cesses usually consist of multiple parallel and continuous
processes, and different phenomena with similar character-
istic frequencies overlap. Therefore, the interpretation of
experimental results is complicated and EIS controversies
are very common and span all areas of electrochemical
research. For example, (1) Dominguez-Benetton et al. [1]
pointed out that most studies applying EIS for microbial
electrochemical systems have focused on simplifications or
erroneous application of the technique. Song et al. [2]
pointed out that most of the models are not convincing in
explaining the EIS behaviours of mortar, cement paste, and
concrete. (2) The impedance spectrum of commercial
lithium-ion batteries is notoriously difficult to interpret.
Churikov et al. [3] studied the electrical diffusion properties
of chromium-substituted lithium-manganese spinel Li,.
Mn; ¢5Crg 9504 used as cathode material for lithium-ion bat-
teries and discussed the selection of equivalent circuits and
the correct interpretation of equivalent circuit elements. (3)
Hirose et al. [4] emphasised the importance of choosing a
suitable equivalent circuit to model the impedance response.
The search for a suitable equivalent circuit has been a goal of
the chalcogenide community for the past few years.

Wang [5] pointed out that defective equivalent circuit
models are often found in research papers due to the
inherent deficiencies of the analytical process itself, such as
the lack of rigour and standardisation of the equivalent

circuit analysis method. This defect is particularly evident
in the study of ZRC impedance spectra, despite the relative
simplicity of the ZRC impedance spectra. There are usually
two types of equivalent circuits for the ZRC impedance spec-
tra: (1) the nested equivalent circuit (Figure 1), which is also
the usual equivalent circuit for shielding coatings [6-9].
Most scholars use this equivalent circuit. (2) Series equival-
ent circuits (Figure 2). Figure 2(a) was first proposed by
Zhang [10]. Influenced by Zhang, some Chinese scholars
adopted Figure 2(a) [11,12], while scholars from other
countries seldom adopted Figure 2(a). When the impedance
spectrum has three arcs and the low-frequency arc corre-
sponds to diffusion, the equivalent circuit is shown in
Figure 2(b). Capacitor C behaves as a constant phase angle
element (CPE). The deformation of the capacitance is due
to the porous nature of the electrode. The deviation from
the ideal RC is due to surface inhomogeneities and rough-
ness effects; the nature and composition of the surface coat-
ing can be considered as a dispersion equation for the
corresponding transfer function. In this paper, P, P,,, and
Py are the dispersion coefhicients of CPE, CPE,,,, and CPE,
where CPE, CPE,,, and CPEg are CPEs corresponding to the
coating capacitance, the capacitance of the zinc powder oxi-
dised layer, and the double layer capacitance, respectively.
Z,, is usually not included in the nested equivalent circuit.
Whether using both series and nested circuits, the vast
majority of scholars consider the high-frequency impedance
to be Z¢ while the low-frequency impedance is Z.,. A few
believe that the high-frequency time constant corresponds
t0 Zcorr» While the diffusion of O, occurs in the low-frequency
band [13,14]. In addition, there are some other views. For
example, Molnar et al. [15] suggested that the high-fre-
quency impedance is Z; while the low-frequency the
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Figure 1. Mainstream equivalent circuit describing the behaviour of zinc-rich
coatings. Ry, Rpo, and R, are the solution resistance, coating pore resistance,
and charge transfer resistance, respectively. Z,,, is usually not included in the
nested equivalent circuit.

diffusion impedance (Zy). Xia et al. [16] suggested that the
high-frequency impedance is the zinc powder corrosion
impedance (Z..,) and the low-frequency impedance is the
corrosion reaction impedance of iron. When Zyy is present,
it is controversial whether Zyy is attributed to the diffusion
of O, or Zn**. In addition, Pereira et al. [14] noted additional
arcs induced by inorganic zinc-rich layers of corrosion pro-
ducts but did not investigate further. Despite the great efforts
of scholars, however, unfortunately, neither the connection
of equivalent circuits nor the physical significance of circuit
elements of the ZRC impedance spectrum have been
reported in detail so far.

Common means of correctly selecting an equivalent cir-
cuit are:

(1) Consider the location of circuit components and the
relationship between voltage and current distribution

The placement of circuit components and the relationship
between voltage and current distribution is the first step in
circuit design. Xie et al. [17] discussed the connection of
basic circuit elements based on these two factors. Li et al.
[18] obtained a reasonable equivalent circuit from the flow
path of the disturbance current of the closed loop with defec-
tive coating.

(2) Select the equivalent circuit with high fitting accuracy
(3) Reasonableness of the changing trend of model parameters

This rationality includes the rationality of the model par-
ameters over time and operating conditions. For example,
Darowicki et al. [19] pointed out that to determine a suitable

Rs CPEm CPEdI
vV \N > >
Rm Rct
(a)
Rs CPEm
V\N >
Rm

Figure 2. Series equivalent circuit with Z,. R,, and R are the resistance of the
zinc powder oxide layer and the oxygen reduction resistance respectively. Wy
and Wy, are the diffusion elements of Zn>* and O,, respectively. The vast
majority of scholars believe that the high-frequency impedance is Z;. Labelling
Ro and Wo with dashed boxes means that this part is not usually reflected. (a)
Equivalent circuit of two arcs. (b) Three-arc equivalent circuit with Zy,.

equivalent model, a comprehensive analysis of equivalent
circuit parameter changes during fuel cell operation is
required. Song et al. [2] proposed an equivalent circuit
model for the EIS of concrete, which can better explain the
experimental phenomena observed by other researchers,
such as the appearance of the capacitive loops in the high-
frequency range, the influences of hydration time, water/
cement ratio, silica fume on the loops, etc. Giner-Sanz
et al. [20] performed a two-step selection process. In the
first step, 4 circuit sets were preselected from the initial list
of 12 circuits using the general fitting indicators. In the
second step, one of the four preselected circuits was chosen
based on the consistency of the fitted parameter values
with the physical meaning of each parameter.

(4) EIS combined with other technologies

Nobili et al. [21] obtained simultaneously both in situ
X-ray and impedance spectra of lithium desertion from
LiCoO, using a specially designed electrochemical cell. The
impedance spectra-dispersion was correlated with the cell
parameters obtained from the X-ray energy spectrum.

Previous work by Xie et al. [22] was done on ZRCs using a
series equivalent circuit containing Z,,. Based on the pre-
vious results, the group intends to prove the correctness of
the series equivalent circuits containing Z., through a
more extensive and in-depth discussion. To the best of our
knowledge, this is the first paper that systematically investi-
gates the accuracy of the equivalent circuits of ZRC impe-
dance spectra, including the electrochemical significance of
the components and the way they are linked. The experimen-
tal techniques and analytical methods used in this paper are
of great benefit to EIS analysis in many fields such as bat-
teries, ceramics, and coatings.

Experimental

Mild steel specimens were sandpapered to white metal and
degreased. Epoxy-polyamide zinc-rich paint (containing 78
wt-% zinc) was applied over mild steel. The ZRC free film
is obtained by applying zinc-rich paint on a weighing
paper. Both ZRC and its free film thickness are 60 um,
respectively. The electrochemical measurements on the
coated mild steel were made using a three-electrode cell in
which the sample was placed horizontally. A Perspex cylin-
der was fixed on the sample and filled with solution. The
exposed area was 13.1 cm®. A graphite counter electrode
and a saturated calomel electrode (SCE) completed the
arrangement. The EIS test apparatus of the free film is
made of two thin Plexiglas tubes connected to two large Plex-
iglas tubes. One large Plexiglas tube is equipped with a
graphite electrode connected to the research electrode of
the EIS test apparatus, the other large Plexiglas tube is
equipped with a graphite electrode and an SCE connected
to the auxiliary electrode and the reference electrode of the
EIS test apparatus, respectively. The free film is sandwiched
between the two thin Plexiglas tubes. The detection contact
surface is an O-ring and the test area of the free film is
4.16 cm®. Figure 3 shows a schematic of the EIS setup for
testing free film. The impedance measurements were made
using an EG&G model 273 potentiostat and a model 5210
lock-in amplifier. A sine wave of 20 mV was applied across
the cell. Impedance data were collected over a frequency
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Figure 3. Schematic diagram of EIS test setup for free film.

range from 3 mHz to 120 kHz. All measurements were made
in 3.5 wt-% NaCl solution at ambient temperature.

Theoretical analysis of the rationality of series
equivalent circuits

Previous work demonstrated that Z,, plays a major role in
high frequencies [22]. In a ZRC, the zinc powder particles
can be seen as one in series together, and then the current
is drawn out by the collector fluid, the steel plate. R, and
CPE,, are different properties of the same film body (zinc
powder oxide layer), and if they are connected as R, and
CPE, in Figure 1, the principle of electrical neutrality is vio-
lated because one end of the same film body is connected to
two points of different potentials, respectively. After all, the
endpoints of the same element have different potentials
[23]. Therefore, if the impedance spectrum has two-time
constants, the ZRC equivalent circuit can be expressed in
Figure 2(a).

The qualitative models for an ideal nonporous ZRC with
the molecular-diffusion transfer mechanism (B) were given
in Figure 5b in the literature [24] together with the most prob-
able equivalent circuits. This transport mechanism is closer to
(B) because the corrosive medium, especially O,, is absorbed
layer by layer during the transport of the corrosive medium
through the ZRC:s to the steel surface. Therefore, the equival-
ent circuit of the ZRCs can be expressed in Figure 2(a).

In terms of structure, a ZRC can be divided into four
parts: iron surface layer, inner layer, outer layer and cor-
rosion product layer (Figure 4). The iron surface layer may
be regarded as part of the inner layer. The iron surface
layer is heavily corroded and dissolved by OH™ in the catho-
dic protection phase, thus often producing a large number of
defects. The inner layer of zinc powder has good electrical
conductivity with the iron substrate and corrodes quickly,
which can play a cathodic protection role. The outer layer
of zinc powder is mainly self-corrosion. The corrosion of
the outer layer of zinc powder is mainly self-corrosion. The

Electrode ; 5 Reference
ST 1B Electrode
& ot | Auxiliary
: Electrode -
~3.5%NaCl e

O-ring

corrosion products OH™ and Zn** migrate partly to the sur-
face to form a corrosion product layer and partly to the elec-
trolyte. Because of the high CI™ content and rapid mass
transfer in the electrolyte, a large portion of OH™ and Zn**
is involved in the formation of the corrosion product layer.
Due to the high specific gravity of zinc powder, a very thin
polymer layer is formed on the surface of the coating after
curing, while in the outer layer of the coating, the percentage
of a polymer is higher than that of the inner layer. However,
due to the formation of corrosion product layers and the
increasing proportion of self-corrosion of the surface zinc
powder, the surface polymer is destroyed by the corrosion
product layer and zinc powder expansion. The destruction
of the surface polymer and the formation of defects in the
iron surface layer cause Z; to lose its basis of existence. In
addition, the corrosion products that fill the internal pores
of the coating are limited, so the internal porosity of the coat-
ing is reduced to a limited extent, if at all, due to the initial
high porosity of the coating. In other words, the formation
of corrosion product layers is easier than the reduction of
coating porosity. The presence of corrosion product layers
has become common knowledge in the field of ZRCs. In
summary, the series structure of the equivalent circuit of
the ZRCs is more reasonable compared to nesting in terms
of the layered structure.

3.5% NaCl O

@ @ Corrosion product layer
QO00Q00Q || oo

@ Inner layer
""""""""""" ﬂ @ TIron surface layer

0°° 0 00,

Iron matrix

OH- and Zn*"

Figure 4. The layered structure of a zinc-rich coating after immersion for a
period of time.
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Figure 5. Nyquist curves and phase angle-frequency curves of zinc-rich free films immersed for 24, 156 and 1082 h. Scatter — experimental data, solid line - fitting

results.

Impedance spectra of the zinc-rich coating and its
free film

Nyquist and phase angle-time plots of the free film
immersed for 24, 156, and 1082 h are given in Figure 5.
Nyquist and phase angle-time plots for coatings immersed
at 24, 162, 362, 1560, and 478 h, and 1704, 1918 and 1992 h
are given in Figures 6-8, respectively. Modulus-time plots
of the free film immersed for 24, 156, and 1082 h and
the coating immersed for 24, 162, 362, and 1560 h are
given in Figure 9. As can be seen from Figures 5-9, a sig-
nificant difference between the free film and coating impe-
dance spectra is that the free film impedance spectrum has
always two arcs that are more clearly separated and close in
size, while the low-frequency arc of the coating impedance
spectrum is significantly larger than the high-frequency arc,
and the two arcs are not separated. The free film impe-
dance spectrum changed little throughout the immersing
process, while the coating impedance spectra changed
much more. In addition, the coating impedance spectrum
appeared three arcs in the middle (478 h) and late (1704,
1918, 1992 h) of immersing.

The |Z|o.0111.-time curves for the ZRC and its free film and
the potential-time curves for the ZRC are given in Figure 10.
It can be seen from Figure 10 that the |Z|o 015, of both the
free film and the coating shows a V-shaped variation. At
the beginning of immersion, the increased electrolyte con-
tent in the epoxy matrix and the activation of zinc particles
lead to a decrease in the impedance of both the matrix and
the zinc powder oxide layer, resulting in a decrease in |
Zlooinz- As the corrosion reaction proceeds, the surface
area of zinc metal decreases while the corrosion product
layer on the surface of zinc powder thickens, which leads
to an increase in |Z|ooim, The |Z|ooim, of the last three

time points of the free film decreased again, which may be
because the free film was not supported and the free film
structure was damaged by external stresses as well as the
expansion of zinc powder after a long period of immersion.
The minimum values of |Z|o g1, for the free film and the
coating occur at 156 and 162 h, respectively. The Nyquist
and Bode plots for the free film and the coating at 156 and
162 h, respectively, are given in Figure 11. As can be seen
in Figure 11, there are large differences in the shapes of the
Nyquist and Bode plots for the free film and the coating,
but the dividing line between the high-frequency arc and
the low-frequency arc is the same for both, ie. about
14 Hz. The impedance modulus of the coating is significantly
smaller than that of the free film in the high-frequency band.
As the frequency decreases, the impedance modulus of the
coating increases faster than that of the free film, exceeding
that of the free film by about 0.01 Hz. This is because the
high-frequency time constant corresponds to Z,,, and the
zinc powder in the coating is easily activated, so the high-fre-
quency impedance of the coating is low. The low-frequency
time constant corresponds to the zinc powder corrosion,
because of the difficulty of oxygen diffusion in the coating,
therefore the low-frequency impedance of the coating is
higher. From the OCP curve in Figure 10, after the coating
is immersed into the salt solution, the OCP changes gradu-
ally from an initial potential value of —0.949Vscg to more
positive values reaching a common level that lies intermedi-
ate between zinc and steel corrosion potentials in seawater,
and approached the corrosion potential of iron after
1992 h, when the OCP=-0.634 V. A widely applicable
empirical criterion for steel cathodic protection is to ensure
a minimal negative value of —0.78 Vgcg. At 1194 h, the OCP
starts to become higher than —0.78 V, indicating that the
coating loses cathodic protection at this point.
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Figure 6. Nyquist curves and phase angle-frequency curves of zinc-rich coating immersed for 24, 162, 362 and 1560 h. Scatter — experimental data, solid line -

fitting results.

The reasons for the difference in impedance spectra
between the free film and the coating come from matrix
effects; including (1) the free film is permeable while one
side of the coating is blocked by the steel plate. (2) The cor-
rosion of zinc powder in the free film is self-corrosive while
in the case of the coating it includes sacrificial corrosion and

self-corrosion. (3) Oxygen diffusion is much faster in free
films than in coatings. Morcillo et al. [25] pointed out that
if the zinc powder particles are in electrical contact with
the steel, the zinc powder particles are only the site of the
anodic reaction of the corrosion process, while the cathodic
reaction occurs on the steel surface. Zn>* and OH™ and Cl~
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Figure 7. Nyquist curve and phase angle-frequency curve of zinc-rich coating immersed for 478 h. CPE,, Ry and Py are the capacitance, resistance, and dispersion

coefficients of the corrosion product layer on the outer surface of the coating, re:

spectively. Scatter — experimental data, solid line - fitting results.
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Figure 8. Nyquist and phase angle-time plots for ZRCs immersed at 1704, 1918, and 1992 h. The series circuit can be fitted better, while the nested circuit cannot
fit the impedance spectra of 1918 and 1992 h (not shown in the figure). HF, IF and LF are high frequency, intermediate frequency, and low frequency, respectively.

meet in the pores of the coating away from the zinc powder
particles to generate secondary corrosion products. If there is
no electrical contact between the zinc powder particles and
the steel, the cathodic and anodic reactions will take place
on the same surface of the isolated zinc powder particles.
Xie et al. [26] further developed Morcillo’s theory to explain
the relationship between primary corrosion product trans-
port and secondary corrosion product species. The diffusion

of Zn** and OH™ generated by sacrificial corrosion is long-
range diffusion, which easily fills the coating pores and
diffuses into the electrolyte. The diffusion of Zn>* and
OH™ generated by self-corrosion is short-range diffusion,
which does not easily fill the coating pores and diffuse into
the electrolyte but tends to thicken the oxide layer. In the
early stage of immersion, the zinc powder corrosion pro-
ducts diffuse into the electrolyte and the thickening of zinc
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Figure 9. Modulus-frequency plots of zinc-rich free film immersed for 24, 156, 1082 h and zinc-rich coating immersed for 24, 162, 362, 1560 h. FF - Free film; CT -

Coating.
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Figure 10. The |Z]o.01n,-time curves for the ZRC and its free film and the potential-time curves for the ZRC. The minimum values of |Z|, o114 for the free film and the

coating occur at 156 and 162 h, respectively.

powder particles is not obvious, so the coating impedance is
close to the free film impedance. When the ZRC potential is
higher than —0.78 V, the cathodic protection of ZRCs disap-
pears and the zinc powder becomes significantly thicker
because of self-corrosion. The oxygen diffusion rate in the
coating is significantly slower than that of the free film, so
the impedance of the coating is significantly greater than
that of the free film.

The effect of series and nested fitting of free film impe-
dance spectra were not significantly different from the proxi-
mity of the test and fitting points, while the effect of nested
fitting of coating impedance spectra was significantly worse
than that of the series fitting. There are three main points:

(1) Poor nested fitting of impedance spectra for 287, 362,
573 and 670 h (Figure 12 and Table 1).

A 3-time constants appear at 1704, 1918, and 1992 h
when the potential is higher than the protection poten-
tial of —0.78 V. Conventional thinking considers the
emergence of new arcs at low frequencies associated
with diffusion (Figure 8) [27]. A series circuit with a
three-time constant including the diffusion element
can fit well, while the nested circuit cannot fit the impe-
dance spectra of 1918 and 1992 h.

The impedance spectrum of the ZRC at 478 h immer-
sion showed 3-time constants (Figure 7). The new
high-frequency the impedance of the corrosion product
layer on the outer surface of the coating (Z,). At this
point, the OCP=-0859V and |Z|oo1n,=26
100 Q-cm?. The nested circuit was poorly fitted. Cubides
et al. [28] have fitted Z, for the first time, but only the
resistance values but not the capacitance and dispersion
factor values are given. The emerging high-frequency
impedance is not Z¢ for four reasons: (1) Comparing
478 h with its before-and-after data, it can be found
that the high-frequency arc and the mid-frequency arc
of 478 h are split from the high-frequency arc of the
impedance spectrum at the time before and after it. A
possible explanation is that near 478 h, the zinc powder
reacts fast and generates a thicker layer of corrosion

)

€)

products, while Z, shows up due to the low Z,. (2)
The formation of the corrosion product layer is easier
than the reduction of coating porosity. (3) The rapid dis-
appearance of Z; is difficult to explain. Since the coating
remains cathodic protection for a considerable time
thereafter, corrosion products can continue to fill the
coating pores. The rapid loss of Z, can however be
explained. Because although the coating is in the catho-
dic protection period, the potential has become more
positive, the electrical conductivity of the outer zinc
powder and the steel substrate as well as the electrical
conductivity between the zinc powders decreases sub-
stantially, and the outer zinc powder enters into the
self-corrosion stage before the inner zinc powder. Due
to the expansion of the zinc powder, the denseness of
the corrosion product layer is destroyed, and at the
same time, Z,, increases leading to Z, cannot be pre-
sented. (4) The impedance spectra of 362, 478, and
573 h were fitted with series and nested fits, respectively,
as shown in Table 2. For the impedance spectrum at
478 h, the fit results obtained from the nestedl consider-
ing Zo were significantly unreasonable (R, (11
121 Q-cm®)  was significantly larger than R,
(377.4 Q-cm?); P; (0.90358) and Cg (0.00011), signifi-
cantly higher than those of the nearby time points).
The C, obtained for nested 2 considering Zs is 2.637 x
107 Fcm™, while the C. of the 30 um thickness
epoxy-aliphatic amine coating is less than 1.593 x
107!% Fem™ within 625 h [29]. There is a difference
of nearly four orders of magnitude between these two
values. In addition, the P was 0.53765, which was sig-
nificantly smaller than 1.

Parameter evolutions of equivalent circuit
elements of the impedance spectra of zinc-rich
coating and its free film

The component parameters R, and C,,, R.; and Cg;, and P,
and P4 obtained using series circuits fit are given in
Figure 13, and Supplementary Figure 1 gives these
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Figure 11. Nyquist and Bode plots of free film and coating at 156 and 162 h of immersion, respectively. The minimum values of |Z|o 14, for the free film and

coating appear at 156 and 162 h, respectively.

component parameters obtained by fitting with both series
and nested circuits. As can be seen in Supplementary Figure
1, these component parameters obtained by fitting using the
two types of equivalent circuits are closer for both free films
and coatings. The closeness of each parameter obtained from
the fitting of the two types of equivalent circuits is greater in
the early stage of immersion than in the middle and late
stages of immersion. This may be because the effect of Z; is
greater at the early stage of immersion than at the middle
and late stages of immersion. In the middle and late stages

of immersion, the epoxy matrix gradually fails and its
effect is substantially diminished.

The variation patterns of R,,, R (decreasing and then
increasing, V-shaped variation) and C,, Cg (increasing
and then decreasing, inverted V-shaped variation) of the
free film and the coating indicate (Figure 13(a)) that the
first- and second-time constants of the impedance spectrum
reflect the nature of zinc powder. The variation pattern of the
resistive element is consistent with that of |Z| o1, (compari-
son of Figure 13(a) and Figure 10). The variation of R,,, Cyy,,
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R and Cy of the coating is more significant than that of the
free film, which is consistent with the variation pattern of |
Z|o.011. for both in Figure 10. The decrease in R, and the
increase in C,, at the beginning of the immersion are due
to the decrease in Z; and Z,, due to the electrolyte pen-
etration. For the coating, there is also an additional acti-
vation of OH™ leading to the thinning of the ZnO layer.
The increase of Ry, in the later stages of immersion is due
to the thickening of the corrosion product layer on the

zinc powder surface due to self-corrosion and the reduction
of the effective surface area of zinc metal. The laws of change
of C,, and R, Cy are not repeated.

Within 900 h, there are R, cr < Ry pr and Cp o1 > Cipr
(Figure 13(a)). Together with the good electrical conductivity
of the steel sheet will result in Re;cr < Reppr. However, the
real situation is just the opposite. This is because both
sides of the free film can transport oxygen and the convec-
tion in the free film is stronger than in the coating. Therefore,
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Table 1. Chi-square values of series and nested equivalent circuits for zinc-rich coating immersed for 287, 362, 573, and 670 h, respectively, as well as the fitting

errors of the corresponding equivalent circuit elements.

Error, %
287 h 362 h 573 h 670 h
Element Series Nested Series Nested Series Nested Series Nested
R, 11.2 24.804 11.518 75.125 11.386 28.838 13.485 19.421
G 6.7648 14.291 6.9965 19.034 7.2142 15.391 8.4364 12.944
P, 2.3477 4.2002 2.7642 5.5362 2.5809 4.5866 2.6556 3.6882
R; 4.0801 7.9682 4.7388 10.309 4,604 8.8736 4.3382 6.1274
Cqi 0.9653 6.1093 0.96827 9.1741 1.2337 7.3712 1.4036 3.3997
P4l 1.0688 2.5872 0.87326 3.3167 1.1362 3.0935 1.592 2.3381
Ret 2.0905 3.4951 1.6422 5.9045 2.0407 46663 2.7981 2.7581
x> x 10 2.2087 44957 1.8226 6.8985 3.3188 7.7491 5.2994 7.0966

Note: C; is Cc or C,. Ry is R, OF R, Py is the dispersion coefficient of CPE;.

Reter < Reerr- Carer > Cairr is because the thickness of the
corrosion product layer on the surface of zinc powder in
the free film is significantly greater than that of zinc powder
in the coating.

In impedance spectroscopy studies of ZRCs, dispersion
coeficients are usually not given. The few papers [30-32]
that give dispersion coeflicients also basically do not analyse
them. There are two reasons for this: the factors affecting the
dispersion coeflicient are not clear, and the dispersion coeffi-
cient is poorly regularised. The following is a detailed analy-
sis of the dispersion coefficient (Figure 13(c)), which
hopefully can throw light on the problem.

(1) In the early and late stages of immersion, Py < Py,

The main factors affecting the P,,, are the surface uniform-
ity and thickness of the zinc powder oxide layer. The more
uneven the surface, the smaller the P,,,. The greater the thick-
ness, the smaller the effect of roughness. Therefore the
greater the thickness, the greater the P,,,. The factors affecting
P4 include the uniformity of zinc powder corrosion, the con-
ductivity of coating, and the thickness and surface uniform-
ity of the zinc powder oxide layer. The more uneven the zinc
powder corrosion, the worse the coating conductivity and
the smaller the Pg. There are more factors contributing to
the reduction of Py than P, so Py <P, in early and late
immersing.

(2) Pucr ~ Py, prand Py cr = Py pr at 24 h of immersion
and the later stage of immersion

The initial conditions of the zinc powder in the coating
and the free film are close at 24 h of immersion. At the
later stage of immersion, both zinc powders are self-corros-
ive, and both P,, and Py have limit values, so both of them
are close to each other.

(3) P, decreases and then increases. The change of P, cr is
larger than that of P, ¢

In the early stage of immersion, the corrosion reaction on
the surface of zinc powder is uneven, and the places with
high activity corrode preferentially, which leads to an
increase in the unevenness of the oxide layer on the surface
of zinc powder, with the result that P, decreases. In the later
stages of immersion, the corrosion rate of zinc powder
decreases and the uniformity of self-corrosion is higher
than that of sacrificial corrosion, so the surface layer of
zinc powder becomes uniform. The consequence is an
increase in P,,. The uniformity of self-corrosion is higher
than that of sacrificial corrosion. Therefore, the low value
of Pycr is smaller than that of P, gp. In other words, the
variation of P, cr is larger than that of Py, pg.

(4) P4 pr is decreasing while Py cr is increasing and then
decreasing

The continuous decrease in Py pr is due to the decrease in
the percentage of active zinc due to the massive corrosion of
active zinc. In the early stage of immersion, the zinc powder
in the coating is gradually activated, the conductivity of the
zinc powder is enhanced, the percentage of active zinc
increases, and the Pg cr increases. Both Py pr and Pgcr
decreased with decreasing active zinc ratio and zinc powder
conductivity in the later stages of immersion.

The high-frequency impedance of zinc-rich
coating is the contact impedance

In Supplementary Figure 1, the high-frequency impedance of
both the series and nested circuits is Z,. If the high-fre-
quency impedance is Zg then Ry, C,, and P, will be
replaced by R,,, C,, and P,, respectively. The following five
facts prove that the high-frequency impedance of the ZRC

Table 2. The results of fitting the impedance spectra of zinc-rich coatings with the series and nested models for 362, 478 and 573 h of immersion, respectively.

Serial Nested Nested 1 Nested 2 Nested
T/h 362 478 573 362 478 573
Co 2.17E-05 0.000117 2.64E-6
Po 0.34026 0.24482 0.53765
Ro 586.8 11121 508.9
G 3.78E—05 3.87E-05 1.72E-05 2.24E—-05 5.66E—06 3.60E-5 1.36E—05
P, 0.31148 0.45298 0.34428 0.37806 0.90358 0.43407 0.37614
R; 3718 2429 6586 3474 3774 2596 7048
Cql 7.85E—-05 8.27E—-05 4.90E-05 4.90E-05 0.00011 8.08E-5 3.07E-05
Pgi 0.59437 0.51607 0.60568 0.58097 0.55423 0.51604 0.60275
Ret 49 960 37519 76 509 65630 29724 37 251 96 216

Note: C; is Cc or C,. Ry is Ry, or R, Py is the dispersion coefficient of CPE;. The units of resistance and capacitance are 0-cm? and F cm ™ respectively.
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and its free film is not Z¢ The comparison data were pro-
vided by Ding et al. [29]. The thicknesses of two epoxy coat-
ings used by Ding et al. were 30 and 60 pm, respectively.

(1) The variation pattern of C. and Ry, of ZRC and its free
film is different from that of epoxy coatings

The C. of the ZRC and its free film showed an inverted V-
shaped change, i.e. it increased first and then decreased,
which was different from the stepwise increase pattern of
C. of the epoxy coatings (rapid increase in the early stage
— relatively constant in the middle stage — increase in the
later stage). The R, of the ZRC and its free film showed a
V-shaped change, i.e. it decreased first and then increased,
which was different from the stepwise decrease law of the
R, of the epoxy coatings (rapid decrease in the early stage
— relatively constant in the middle stage — decrease in the
later stage).

(2) The P. of ZRC and its free film is significantly smaller
than that of epoxy coatings

The P. of the ZRC and the free film is 0.37603-0.72786.
This is much smaller than that of the epoxy coatings (close
to 1).

(3) The C. of the ZRC and its free film is much larger than
that of the epoxy coatings

The C. of the ZRC and its free film ranged from 2.46 x
1078 t0 2.24 x 10™° F cm ™2, while the C. of the 30 pm thick
epoxy-aliphatic amine coating was less than 1.593 x 107'°
F cm™” within 625 h. The thickness of the ZRC and its free
film is 60 pm, and the thickness of the epoxy layer in it is esti-
mated to be 24 pm, based on PVC of 60%. According to
C— ggpA

(e is the relative dielectric constant, g, is the vac-

uum dielectric constant; A is the specimen area and d is
the coating thickness), the capacitance of the ZRC and the
free film after multiplying by 1.25 times is still much larger
than that of the epoxy coatings, considering the thickness
factor.

(4) The porosity of the ZRC calculated using R,,, is several
orders of magnitude lower than the true value

The porosity P can be determined by the ratio of the
theoretical Rg;, of the coating to the experimentally obtained
Rpo [29], ie. P =Ry, / Ryo, where R3G = d/k, d is the coating
thickness, k is the electrolyte conductivity,and k=5.5S-m -1
for 3.5% NaCl solution (25°C). The Ry, of the zinc-rich coat-
ing and its free film were 2918-37536 and 9198-23
540 Q-cm?, respectively, so the P of the ZRC and its free
film was calculated as 2.9 x 107°-3.74 x 10> and 4.63 x
107°-1.19 x 107>, respectively, which is not consistent with
the high porosity of the ZRC used in this paper (usually
above 1%).

(5) Rpo,CT<Rpo,FF and CC,CT>CC,FF within about 900 h
(Supplementary Figure 1(a))

Rpo,cr should be greater than R, r, and C cr should be

less than C_gr due to substrate effects and corrosion products

filling the coating pores. If it is considered that the P of the
ZRC is large and the coating rapidly saturates with water
absorption, then there is C.cr & C.pp. It is easy to explain
Rucr <Rypr and Cp, o1 > Cpy pr with Z,,. This is due to the
activation of the zinc powder in the coating and the thinning
or small change in the thickness of the ZnO layer. On the con-
trary, the corrosion of zinc powder in the free film is self-cor-
rosion, and the in-situ growth of corrosion products increases
the thickness of the oxide layer on the surface of zinc powder.
Thus there are Ry, c1 < Rpo pr and Cecr > Ce .

Conclusion

Both the high-frequency and the low-frequency part of the
impedance spectrum of ZRCs are associated with zinc pow-
der. At the early stage of immersion, the high-frequency
impedance is Z,, and the low-frequency impedance is Zq,,.
The corrosion of ZRC:s is controlled by the diffusion of oxy-
gen. In the later stages of immersion, the low-frequency
impedance contains information on the diffusion of Zn>*.
When the diffusion information is obvious, the coating
impedance spectrum will include 3 arcs. ZRCs may exhibit
corrosion product layer resistance while free films do not.
For ZRCs, the series equivalent circuits are more reasonable
compared to the nested equivalent circuit. The variation pat-
terns of Ry, C, Rep, and Cy; of ZRC and its free film are simi-
lar. The resistive element varies in a V-shape, i.e. decreases
and then increases, and the capacitive element varies in an
inverted V-shape, i.e. increases and then decreases. The vari-
ation pattern of the resistive element is consistent with the
variation pattern of |Z|o o111,

The pattern of variation of the high-frequency component
parameters of the impedance spectrum equivalent circuits
for zinc-rich and epoxy coatings is very different. The P,
of the ZRCs is significantly smaller than the P. of the
epoxy coatings. The C,, of the ZRCs is much larger than
the C. of the epoxy coatings. The calculated R, of ZRCs
obtained using nested circuits gives a coating porosity several
orders of magnitude lower than the true value. Z¢ cannot
explain the variation pattern of the high-frequency com-
ponents of the equivalent circuit of the zinc-rich coating
impedance spectrum, while Z, can.
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