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The development of anticorrosive
pigments for the most diverse
coating systems is extremely time

consuming and expensive, owing to the
necessary climatic testing, such as testing
under salt spray exposure.

To accelerate work on a new zinc-free
pigment with improved protection,
modern electrochemical investigation
methods have been used successfully and
verified using traditional tests1.

Mode of action of
conventional phosphate-
based anticorrosive
pigments
The use of suitable anticorrosive pigments
has a significant influence on the
protective properties of formulations for
metal substrates. The mode of action of
an anticorrosive pigment is attributed to
the following factors2,3:
l Increase in film strength
l Prevention of rust creepage and

underfilm corrosion at defect areas
l General retardation of the corrosion

process
l Cathodic and/or anodic passivation of

the metal surface

In the case of zinc phosphates, a very low
water-solubility results in the release of
secondary phosphate ions to the coating,
which account for the formation of

inhibiting adhesive complexes on the
metal surface and the associated anodic
passivation. Another theory on the
mechanism of action also describes the
formation of tribasic ferric phosphate
complexes, though only in weakly acidic
media4,5. As an ampholyte, zinc, or after
hydrolysis, zinc hydroxide, also
demonstrates solubility behaviour in
acidic and alkaline media that is
advantageous for corrosion protection.
The modified zinc orthophosphate
pigments and zinc polyphosphate
pigments that are established on the
market display a substantially increased
chemical and electrochemical
effectiveness as compared with
traditional zinc phosphate, which enables
very good protective properties to be
achieved.

Besides economic considerations,
ecological and regulatory factors play an

increasingly decisive role nowadays in the
formulation of innovative coating
systems, hence the call for zinc-free
anticorrosive pigments or those that do
not require labelling has steadily
increased in recent years.

Towards the design of
new zinc-free pigments
Only a few metals qualify as suitable
countercations once heavy metals have
been ruled out. Emphasis can be placed
on the possible positive interactions
between calcium and magnesium
phosphate compounds.

The requirements of a new zinc-free
pigment were defined as follows:
l Zinc-free pigment technology
l Highly effective anodic corrosion

protection in solvent- and water-based
systems

l Stability and universal application
l Very good dispersion properties
l Cost efficiency

Even at the early stage of the
investigations, exceptional increases in
performance were observed when using
newly-developed pigments with a
different magnesium-calcium ratio, which
also had a positive effect on the salt spray
resistance.

Towards new zinc-free anticorrosive
pigments: identifying specific synergies using

electrochemical corrosion investigations
Lars Kirmaier, Susanne Bender, Andreas Heyn, Heubach, Langelsheim, Germany

Outline
Two modern electrochemical methods in the preliminary investigation of zinc-free
anticorrosive pigments are described, namely electrochemical rest potential analysis,
and electrochemical noise analysis. The techniques are used to examine the usefulness
of aluminium and magnesium pigments in a styrene-acrylate copolymer emulsion. The
results, which can be more rapidly obtained than those using traditional techniques
such as the salt spray test, are then verified by comparison with the outcomes of salt
spray testing. The most successful pigment is then tested successfully for applicability
in solventborne alkyd and epoxy resin formulations, using the salt spray test for a
duration of three weeks.
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Figure 1: Mode of action of phosphate pigments binder
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Electrochemical
investigations directly in
coating dispersions
After extensive preliminary investigations,
test conditions could be determined for
two electrochemical methods – firstly the
rest potential analysis and secondly the
electrochemical noise analysis – which
enable comparative statements to be
made on the protective effect of
anticorrosive pigments dispersed in an
aqueous binder. For all electrochemical
investigations, a round bar of unalloyed
steel (C55, material no.: 1.1203) was used
as a sensor or working electrode. As the
electrolyte, an aqueous, organic coating
dispersion was used, which was produced
by dispersing the binder and the
respective anticorrosive pigment using a
dissolver. As the organic coating
dispersions were aqueous but highly
viscous, they were diluted in a 50:50 ratio
with de-ionised water.

Table 1 shows the electrolytes used,
consisting of an aqueous binder and four
different anticorrosive pigments or
pigment combinations with a different
Ca/Mg ratio. Variant B hereby displays a
higher magnesium content than variant
A. It shows that pigment P2 (Heubach’s
CMP pigment) displays the lowest pH
value at the greatest solubility and
conductivity. This makes it difficult to
predict the actual effectiveness of this
pigment combination in real coating
systems. But it is a first indication of
different electrochemical behaviour.

Electrochemical rest
potential analysis
The rest potential analysis (RPA) is based
on a rest potential measurement using a
two-electrode arrangement, whereby a
Ag/AgCl electrode was used as a
reference electrode and the unalloyed
steel C55 as a working electrode. The
aqueous coating dispersion (see Table 1)
served  as the electrolyte, which was
agitated throughout measurement with a
magnetic stirrer to prevent the pigments
settling. At defined time intervals, a 1M
NaCl solution as a corrosion stimulator
was added to the electrolyte by means of

computerised pump arrangement. As a
key measurement parameter, the
potential curve was observed and
evaluated by determining the critical
quantity of chloride at which a significant
potential drop occurs. For all
measurements the potential curve was
first recorded over 60 minutes without the
addition of chloride.

As a characteristic example of the rest
potential analysis, in Figure 2 a rest
potential curve is shown for each
anticorrosive pigment, P1 to P4. Using the
potential curves, behavioural differences
of the pigments are  observed. For P1 to
P3 a marked potential drop can be seen as
a result of adding a defined chloride
quantity. For P4 it is noted that the rest
potential arises right at the start of the
investigation at -400 mV. At this potential
there is strong metal dissolution which is
further accelerated after 60 min as a result
of the chloride being added. The slight
rise in potential to about -250 mV is
attributed to the corrosion or secondary
products on the metal surface and is not a
result of inhibiting mechanisms.

Pigments P2 (CMP) and P3 are pigment
combinations of pigments P1 and P4 in
different ratios. The pigment
combinations first have the characteristic
initial potential drop at about -400 mV

and then a potential increase depending
on the quantity of pigment P4 present.
The greater the quantity of pigment P4
(100% magnesium component) in the
pigment combination, the longer the
metal needs to develop a passive-like
surface state and the longer therefore it
takes for the potential rise to occur.

Figure 3 illustrates the critical chloride
quantities identified at the characteristic
potential drop for the anticorrosive
pigments P1 to P4 dispersed in the binder.
The mean value is shown in each case,
calculated using a minimum of three
individual measurements. Pigment P2
(CMP) displays the highest critical
concentration value, pigment P1 and
particularly P4 the lowest.

Electrochemical noise
analysis
Electrochemical noise analysis (ECN) is a
very sensitive method for recording local
corrosion processes and material changes,
and has been successfully used for many
years for various applications6, including
in the field of coatings testing7.
Measurements for investigating the
dissolution behaviour of the unalloyed
steel in the aqueous coating dispersions
were performed without external current,
using a three-electrode arrangement. For
this purpose, two macroscopically
identical working electrodes made from
C55 were short-circuited via a zero
resistance ammeter and connected to a
high-ohm potentiometer and a Ag/AgCl
reference electrode. The measured noise
signals are filtered by means of a band
pass. This enables them to be separated
from the steady-state components

Table 1: Electrolytes used, consisting of binder and anticorrosive pigment

Sample Binder Pigment composition pH Water-soluble Conductivity
value fraction [%] [μS/cm]

P1 based on a 100% calcium component 6.8 0.10 79
P2 styrene-acrylate Ca/Mg: Variant A, (CMP) 6.4 1.7 944
P3 copolymer Ca/Mg: Variant B 6.7 1.2 735
P4 emulsion 100% magnesium component 7.2 1.2 726
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Figure 2: Rest potential curves for the unalloyed steel, measured in an
aqueous binder with the anticorrosive pigments P1 to P4
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(current and potential) and they can be
amplified separately. After a test period of
20 minutes without chloride addition,
0.04 ml of a 1M NaCl solution was added
to the electrolyte at five-minute intervals.
The potential and potential noise, as well
as the current noise between the steel
electrodes, were measured and evaluated.
Using the calculation of noise charge
quantities and noise resistances, which
were established in extensive preliminary
investigations as characteristic values for
the protective effect of the pigments, an
even finer differentiation of the results
can be achieved as the charge quantities
show a direct relationship to pigment
effect.

Figure 4 shows the current noise-time
curves over the entire test period of 180
minutes for the unalloyed steel in
aqueous binder with the anticorrosive
pigments P1 to P4.

To illustrate the relationships and
processes taking place at the metal
surface, Figure 5 presents the cumulative
charge quantities determined from the
current noise-time curves.

Clear differences are shown between the
various pigments. While P1 at the start of
the measurement has a low noise activity
and thereby a low metal dissolution, a
strong initial activity can be identified in
the first test interval for pigments P2, P3
and P4 due to the magnesium
component. In the test period from 120 to
180 minutes, the noise activities of the
pigment combinations P2 and P3
decrease greatly while for P1 there is an
increased dissolution. In fact, pigment P4
shows a sharp drop in the noise current
and cumulative charge quantity, yet
active metal dissolution continues, which
could be evidenced by the detected noise
resistances.

Verification using
traditional corrosion
testing
To verify the evidence of the
electrochemical investigation methods
using conventional corrosion testing,
cold-rolled steel sheets were coated with
a formulation that is used in practice, also
based on an aqueous styrene-acrylate
binder with the anticorrosive pigments P1
to P4. The results after 408 hrs of ageing in
the salt spray test (DIN EN ISO 9227) are
presented in Figure 6. The combination of
the calcium and magnesium component
(P2) in the anticorrosive pigment results in
a significant increase in corrosion
protection.
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Figure 4: Current noise-time curves for the electrochemical noise analysis in
the aqueous coating dispersions

Figure 5: Cumulative charge quantities for two test intervals, determined
from the noise current-time curves in the electrochemical noise analysis in
the aqueous coating dispersion

Figure 3: Critical chloride quantity in the investigation of anticorrosive
pigments P1 to P4, dispersed in aqueous binder
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To investigate the performance
properties of pigment combination P2
(CMP) in other binder systems, salt spray
tests were performed with formulations
based on a solventborne short-oil alkyd
resin (see Figure 7) and a solvent-borne
epoxy resin (see Figure 8). For
comparison, the pigment combination
was tested against a zero sample without
anticorrosive pigment, magnesium
phosphate, calcium phosphate and finally
a reference sample containing zinc (zinc
benchmark). The dry coating thickness in
each case was 70 µm. To evaluate the
degree of rusting and the rust creepage at
the cross-section, the lower half of the
coating was removed after the salt spray
exposure test.

The result of the salt spray exposure
demonstrates the good performance
properties when using CMP compared
with magnesium phosphate. Even the
protective effect of the reference sample
that contained zinc was outperformed
using CMP. Furthermore, magnesium
phosphate exhibits serious problems
regarding adhesion, rusting and
blistering.

A significant improvement in adhesion
and rust creepage at the cross-section
could also be achieved in this system by
using CMP.

Summary
The investigations using rest potential
analysis and electrochemical noise

analysis show differences in terms of the
pigment composition and its effect on the
substrate dissolution. The proportion of
magnesium in the tested pigment
variants P1-P4 has a decisive influence on
the anticorrosion performance of the
overall system. Rest potential analysis
shows that an increasing quantity of the
magnesium component in the
anticorrosive pigment causes the critical
concentration value, which gives an
indication of the anti-corrosion effect, to
drop. A concentration of 100%
magnesium component in the
anticorrosive pigment results in active
metal dissolution and no anticorrosive
properties. On the basis of this
investigation, P2 (CMP) could be
determined as an optimal pigment for this
system with a defined Ca/Mg ratio.

With regard to electrochemical noise,
firstly a trend is identified whereby the
initial noise activity in the time interval
from 0 to 60 minutes increases with
increasing concentration of the
magnesium component. This behaviour
points towards increased substrate
dissolution in the first 60 minutes of the
measurement at increasing magnesium
concentration. After an extended test
period and the addition of chloride, the
pigment combination P2 displayed the
best anticorrosive properties. Pigment P4
(100% magnesium component) does
show a reduction in the noise activity, but
given the noise resistances determined it
could be demonstrated that increased
metal dissolution still occurs.
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Figure 7: Test result after 408 hrs exposure in the salt spray test, basis:
solventborne short-oil alkyd resin

Control Phosphate CMP Zinc benchmark

Figure 6: Test result after 408 hrs exposure in the salt spray test, base:
aqueous styrene acrylate

P1: 100% P2: Ca/Mg: P3: Ca/Mg P4: 100%
Ca component Variant A (CMP) Variant B Mg component

Figure 8: Test result after 504 hrs exposure in the salt spray test, basis:
solventborne epoxy resin

Zero sample Calcium phosphate CMP Zinc benchmark
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