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Abstract

Hybrid conductive paint pigments composed of zinc ferrites (ZF) and polyaniline (PANI) were
analysed as both apotential electro-active and corrosion-protective paint from the
electrorheological (ER) point of view. The particles were characterised using scanning electron
microscopy and X-ray diffraction spectroscopy. These hybrid conductive particles are used as
pigments suitable for applications in paints which was confirmed by determining the
consumption of linseed oil, the specific conductivity of aqueous extracts and the density of the
tested pigments according to the relevant standardized methods. The chemical stability of
particles was evaluated by means of durability tests in aggressive environment showing
excellent results for the coated particles. Both ZF/PANI particles and pure ZF were dispersed
in silicone oil and their ER behaviour was analysed through controlled shear rate and dynamic
oscillatory tests. The ER performance of the pure ZF and the composite ZF/PANI suspensions

were compared, showing promising results and enhanced ER performance and attention-worthy



ER efficiency of the later (in particular, the ER efficiency of the coated particles exceeded
10° % at 0.01 s). Lastly, the results were further validated via dielectric spectroscopy. Thus,
the ZF/PANI particles have the potential to be applied as a hybrid ER fluid and an electro-active

paint.

Keywords: electrorheology; zinc ferrite; anti-corrosive paint; electro-active paint; benzoic acid

dopant; conductive polymer



1 Introduction

Zinc-rich paints have been in the spotlight in several forms, as the conductive property of zinc
particles provides additional cathodic protection, thus prolonging the inhibition of corrosion
process in an aggressive environment [1]. Subsequently, zinc has been widely used as
a protective coating for decades [2], starting with the success of zinc-chromate followed by
zinc-phosphate. However, the chromate modification was eventually discovered to be toxic and
the phosphate variation, although showing satisfying results, has not surpassed the chromium
protection performance [3]. According to certain studies, zinc ferrites (ZF) seem to offer
a satisfying alternative [4,5], especially in a nano-sized form [6,7]. Other studies include
a combination of ZF and conductive polymers which also present an attractive direction for
further studies. These polymers have gained considerate attention in many fields and corrosion
protection is no exception as an increased conductivity improves the anti-corrosion properties
of the paint [8-11]. The resulting protective effect depends on the chemical composition,
morphology, surface properties and structure of the pigment particles, and lastly on the type of
conductive polymer applied and its preparation [12,13]. Olad and Hasouli [14] confirmed that
composites combining polyaniline (PANI) and ZF featured an improved anti-corrosion
performance in comparison with the pure PANI. Additionally, zinc is still classified as harmful
to aquatic environment, although it is not generally as toxic as its chromate modification. This
leads to another advantage of the polymer inclusion: partial substitution and therefore reduction
of zinc amount without compromising the corrosion protection efficiency [15]. Also, it should

be noted that PANI can be synthesised in multiple colour modification [16].

Corrosion protection plays a significant role in a distinct field — electrorheology, as it prolongs
the lifetime of application devices [17]. An electrorheological fluid (ERF) is a smart system
whose flow properties rapidly change upon exposure to an external electrical field. The ERF is

composed of conductive particles, the so-called dispersed phase, dispersed in a non-conductive



liquid carrier. The dispersed phase responds to the electric field by forming chain-like structures
across the electrode gap enhancing the shear stress and other key properties. Thus, it enables
a reversible fluid to solid-like state transformation in a matter of milliseconds (ER effect). This
effect is dependent on a number of parameters, for instance, the dielectric properties (interfacial
polarization of particles), particle size, morphology and conductivity, as well as particle

concentration [18].

Despite the numerous ERF studies of conductive polymers [19], PANI in particular has been in
the limelight due to its wide versatility. The success story of the PANI usage is mainly based
on its thermal and environmental stability, easy synthesis and processability, and low cost [20].
Furthermore, it is available in multiple morphology forms [21] and its controllable conductivity
is often achieved through doping/de-doping process [22] or protonation [23]. Santos et al. [24]
confirmed that the degree of dopant acidity affects the degree of PANI conductivity. Similarly,
different dopants for protonation resulted in altering, besides conductivity, also other properties
[25]. In addition, Kohl at al. [26-28] investigated the influence of various PANI dopants used

in protective paints on the corrosion inhibition performance.

Polyaniline, however, still possesses certain drawbacks regarding ER applications as it achieves
rather low yield stress, colloidal instability, and its extraordinary conductivity leads to high
current density unless it is properly controlled [29]. One way of overcoming these shortcomings
while keeping its benefits is combining PANI with other particles in the form of core-shell
structures. A broad range of studies has been focused on the composite particle variety [30, 31],
including hybrid composites combining organic and inorganic particles. In general, such
composites give an access to advantageous properties of both parts while covering individual

weaknesses [32].

In addition, ferrites with numerous modifications have been researched as potential smart

materials in the ER field, and more frequently as a magnetorheological (MR) material [33-35].



Most of the research has been focused on modified ferrites or the above-mentioned core-shell
based dispersions. Some sources reported modified ZF suspensions exhibiting dual ER and MR
response in a form of ZF/PANI microspheres [36] or Pickering emulsion [37] and similarly, ZF

have been reported in combination with other conductive polymers [38,39].

This study aims to explore the properties of the hybrid core-shell ZF/PANI and pure particles
from electro-activity point of view. To our knowledge, this is the first hybrid material
potentially studied for its application as ERF and protective anti-corrosion paint. Furthermore,
the rheological properties of the pure and PANI-coated ZF dispersions are compared. Benzoic
acid as PANI dopant is of a particular importance, as it was analysed for its anti-corrosive

properties in past [40-42], but has not been covered in terms of electrorheology, so far.
2 Experimental

2.1 Materials

2.1.1 Characterization of the starting materials

Two types of particles were used. First the red hematite a-Fe2Os (manufacter Lanxcess AG,
Germany), which includes a synthetic hematite structure and regular nodular-shaped particles.
Other properties include density: 5.1 g cm~3; colour: red; relative molecular weight (My): 159.69

g mol; and lastly, the mean particle size (particle distribution median) is 0.546 pum.

Silver grey lamellar a-Fe;Os particles (manufacter Lanxcess AG, Germany), labelled as
specularite were chosen as the second material. The particle content is estimated to be 98% with
clinochlore balance. The Mis 159.69 g mol™ and particle distribution median is roughly

23.57 um.

Lastly, zinc oxide (ZnO) with a zincite structure was used as the final material for the pigment
preparation, with density of 2.75 g cm™ and M, of 81.389 g mol?, imported by Lach-Ner s.r.o.,

Czech Republic.



2.1.2 Synthesis

Zinc ferrite pigments were synthesized by a high-temperature solid-phase process (calcination)
of the above-mentioned starting material mixture, similarly to our previously utilized method
[43]. Each synthesis procedure encompassed several steps, including homogenization of the
starting materials mixture, calcination, rinsing, milling, and drying. The pigments were calcined
at 1050 °C, the holdup time at the maximum temperature was 4 hours, the temperature ramp
was 5 °C mint. Red hematite was selected as the starting source of Fe*'- cations for the
synthesis of the first type ZF-type pigment. The aim of the synthesis using hematite as the
starting material was to prepare pigments with primary particles possessing a generally
isometric shape ZnFe>O4 (hematite). Similarly, specularite was chosen as the starting source of
Fe3*- cations for the synthesis of second, this time lamellar, pigment type, in order to prepare
primary lamellar-shaped ZnFe>O4 (specularite) pigment. Zinc oxide was selected as the sources
of the divalent cations Zn?*, in order to utilize its favourable contribution to the pigment's

chemical anticorrosion behaviour.

The surface of both pure ZF pigment types - ZnFe;O4 (specularite) (ZF-S) and ZnFez2O4
(hematite) (ZF-H), was then covered with a layer of polyaniline-phosphate (ZnFe;O4/PANI-
H3POs specularite and ZnFe>O4/PANI-H3POs hematite, respectively ZF/PANI-P-S and
ZF/PANI-P-H) and a layer of polyaniline-benzoate (ZnFe;O4/PANI-C7HeO- specularite and
ZnFe204/PANI-C7HsO2 hematite, respectively ZF/PANI-B-S and ZF/PANI-B-H) during the
polymerization of aniline in aqueous phosphoric or benzoic acid. As such, six types of pigments
were synthesised. The overview of the pigments abbreviations is listed in Table 1. A colour
change of the reacting ZF substance was apparent during the individual parts of the synthesis
process. Initially, the mixture was transparent affected only by the presence of insoluble ZF

powder pigment.



Table 1: Code-naming

Name Formula Code-name
Zinc ferrite (specularite) ZnFez04 ZF-S
Zinc ferrite (hematite) ZnFez04 ZF-H

Zinc ferrite/polyaniline-phosphate (specularite) ZnFe2O4/PANI-H3POs  ZF/PANI-P-S
Zinc ferrite/polyaniline-phosphate (hematite) ZnFe204/PANI-H3POs  ZF/PANI-P-H
Zinc ferrite/polyaniline-benzoate (specularite)  ZnFe2O4/PANI-C7HsO2 ZF/PANI-B-S

Zinc ferrite/polyaniline-benzoate (hematite) ZnFe204/PANI-C7HsO2  ZF/PANI-P-H

Afterwards, it turned blue and finally, into green (typical for protonated emeraldine) as shown
in Figure 1. As can be seen, Fig. 1 demonstrates ZF covered in PANI-P or PANI-B while
presenting three stable forms of PANI and their transformations, including the colourless

leukoemeraldine.

Green Protonated Emeraldine Blue Emeraldine Base

DOl 2 O

SO

Colourless Leucoemeraldine
Figure 1: Stable forms of PANI and their conversions, schematic representation of the zinc ferrite particle

covered with PANI phosphate/benzoate



2.1.3 Preparation of the pigments modified with a surface layer of polyaniline phosphate

The following process of both PANI-B and PANI-P modification of the pigments was inspired
by our previously published research [44, 45]. The pigment ZnFe>O4 (21 g) was suspended in
250 mL of aniline (0.2 M) solution in 0.8 M ortho-phosphoric acid, and 250 mL of ammonium
peroxydisulfate (0.25 M) also in 0.8 M ortho-phosphoric acid was added to initiate the aniline
polymerization process at room temperature. The suspension was stirred for one hour during
which aniline polymerized on the surface of the pigment particles. Next, the synthesised PANI-
P was filtered out and rinsed with 0.4 M phosphoric acid, followed by acetone. The pigment
particles coated with the PANI-P overlayer were dried in air and then at 105 °C in a laboratory

drier. The composite particles (ZF/PANI-P) contained about 30 wt.% polyaniline phosphate.

2.1.4 Preparation of the pigments modified with a surface layer of polyaniline benzoate

Benzoic acid was used as a second type of protonation dopant. The PANI-B coating proceeded
in the steps as the above mentioned ZF/PANI-P preparation. The layer modification procedure
was the same, with the exception of 0.8 M solution of benzoic acid was used for the
polymerization process. Afterwards, the suspension was stirred for one hour while aniline
polymerized on the particle’s surface. As above-described, filtering of PANI-B followed by
rinsing with 0.4 M benzoic acid, as well as acetone. The PANI-coated particles were dried in
the same procedure as their phosphate counterpart. The resulting ZF/PANI-B composite

particles also contained about 30 wt.% polyaniline benzoate.

2.2 Particles characterization

The morphology of the dried non-dispersed particles was studied using a scanning electron

microscope — Phenom Pro (SEM, Phenom-World, the Netherlands) operating at 10 kV.



Structural purity of hybrid conductive paint pigments was evaluated and their X-ray diffraction

spectra were measured on a D8 Advance Diffractometer (Bruker AXS).

The density, oil absorption, and conductivity of particles were determined according to the
relevant standardized methods as indicators for the possibility of their application to paint
binders. A helium AutoPycnometer 1340 (Micromeritics, USA) was used to determine the
pigments' specific weight (density). Linseed oil consumption was measured by the pestle-
mortar method. To determine the conductivity, the powders were compressed to the form of
pellets (diameter of 13 mm, thickness of 1 mm) by using a laboratory hydraulic press (Trystom
Olomouc, H-62, Olomouc, Czech Republic). The electrical conductivity measurements were
evaluated using a Keithley 6517B (Keithley, Austin, TX, USA) multimeter and the four-

point Van der Pauw method.

2.3  Preparation of electrorheological fluid

Prior dispersion, the particles were dried under vacuum to eliminate the potential condensation.
Right after, each sample was dispersed in silicone oil (Lukosiol M200, Lucebni zavody Kolin,
Czech Republic) in 5% particle volume fraction. Before measurements, the resulted

suspensions were well-agitated and sonicated, to remove possible agglomerates.

2.4  Electrorheology

The ER behaviour was studied using Bohlin Gemini rotational rheometer (Malvern
Instruments, UK) with a plate—plate geometry (20 mm in diameter). The gap between plates
was set to 0.5 mm. The samples were tested under the presence and absence of an external
electric field which was ranging from 0 to 3 kV mm (on and off-state, respectively) at room
temperature. The current was generated by a DC high-voltage source TREK 668B (TREK,

USA). The ER behaviour was examined in terms of both steady shear and oscillatory tests. Each



measurement during the on-state was preceded by 1 min of activated electrical field. Every
measuring period upon finishing was followed by 1 min of constant shear rate of 10 s~ without
the presence of the electrical field in order to disperse the particles. For the oscillatory mode,
the linear viscoelastic regime (LVE) was determined using dynamic strain sweeps prior to any

other test.

2.5  Dielectric properties

The dielectric properties of the prepared ERFs were measured using the impedance dielectric
spectroscopy analyser Novocontrol Concept 50 (Novocontrol, Germany), in the frequency
range of 0.01 Hz to 10 MHz at room temperature. The data were fitted using the Havriliak—

Negami (H-N) model [46]:

(8’0_ g’oo) (1)

* __ ol
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where &* represents the complex permittivity. The g’ and &’ are defined as permittivity at zero
and infinite frequencies, their difference is later referred to as the relaxation strength Ag'.
o stands for angular frequency; tr is the relaxation time; and « and g are shape parameters

describing the asymmetry of the dielectric function (both in the range of 0-1).

2.6 Anti-corrosion properties

Excellent physical characteristics and anti-corrosion properties, including resistance to
electrolytes or atmosphere containing sulfur oxides, are influence by both, ZF-core of the
particles and PANI-P or PANI-B [45] coating. In addition, chemical resistance of the pigment

is also important. As such, the resistance to acid corrosion was tested at room temperature.

The chemical stability was investigated in the acidic environment. In the basic region, the

measurements were not performed due to the instability of the active conductive form of PANI



(protonated polyaniline emeraldine “salt”) which transitions to a non-conductive polyaniline
base [47, 48]. The particles were dispersed in a hydrochloric acid (HCI) solution of 0.05 mol L™
!, The pH-meter (Greisinger electronic, GPRT 1400, AN, Germany) was calibrated with two
standard buffer solutions (pH 4.00 and 7.00). The samples’ pH values were recorded every 5
minutes. Between each recording, the samples were well-stirred to avoid coagulation from

sedimentation.

3 Results and discussion

3.1 Particles characterization

The prepared particles were examined using SEM which is shown in Figure 2. The
magnification was adjusted to highlight the surface details. As can be seen, distinct morphology

of examined particles was confirmed. To be exact, the natural specularite-based ZF resembles

lamellar structures (Fig. 2a), while the synthetic ZF-H are rather of nodular shape (Fig. 2b).

- —_—1pm ———

Figure 2: SEM imageof ZF-S (), ZF-H (b), ZF/PANI-B-S (c),and ZF/PANI-B-H (d).
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Considerably smaller size distribution is also apparent for the latter. As presented in Figure 3c
and 3d, both ZF/PANI-B composite samples displayed changes in the surface morphology
resulting from the PANI-B coating. X-ray diffraction analysis demonstrated that ZF-H and ZF-
S with the normal spinel structure with the face-centred cubic lattice formed the homogeneous

phase of the binary spinel (Fig 3a, Fig. 3b).

The spectra (Fig. 3a, 3b) demonstrate that the reactions were completed and the appropriate
structure were attained for both isometric ZF-H and non-isometric ferrite ZF-S [49]. Diffraction
analysis of ZF-H coated with conductive polymers showed an X-ray amorphous content of

conductive polymers of polyaniline-phosphate and polyaniline-benzoate (Fig. 3c, 3d).
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Figure 3: X. Results of X-ray diffraction analysis. Notes: (a) ZnFe20s (starting substance hematite. a- Fe;Qz; (b)
ZnFe;0q (starting substance specularite lam. a-Fe;03); (¢) ZnFe204/PANI-H3PO4 (starting substance hematite.

a-Fex0s; (d) ZnFe;04/PANI- C7HsO- (starting substance hematite).
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Furthermore, the prepared pigments were characterized by their basic characteristics in terms
of so-called paint properties (Table 2). Density is one of the basic specific properties of powder
materials and is an important indicator of their applicability in paints. The stability of the paint
dispersion system depends, among other things, on the difference between the density of the
pigment and the binder. Thus, the hybrid particles appear to be more advantageous for paint
applications. An important criterion in the production of pigmented paints is the smallest
amount of binder needed to bind the pigment particles so as to form a cohesive pigment
suspension in the binder. Therefore, the value of linseed oil consumption was determined for
the tested pigments. Differences in the oil numbers of the individual pigments are caused not
only by the different particle size, but also by the shape of the particles. The consumption of
linseed oil in polyaniline-treated pigments was therefore higher than in uncoated pigments. Last
but not least, conductivity was evaluated. As can be seen, the resulting conductivity differs for
pure undoped particles and the PANI-coated doped ones. Furthermore, both types of dopants
resulted in different range of conductivity, this is in accordance with above-mentioned research

results by Santos et al. [24].

Table 2: Pigment properties

Density Oil absorption Conductivity
Pigment
[gcm™] [9/100 g] Smt
ZnFe204 (specularite) 5.12 13.05 1.61 x 10710
ZnFe;04 (hematite) 5.46 13.15 1.88 x 108
ZnFe204/PANI-H3PO4 (specularite) 2.65 58.33 2.44 x 107
ZnFe;04/PANI-H3PO4 (hematite) 2.57 56.36 6.18 x 1073
ZnFe;04/PANI-C7HsO2 (specularite) 2.59 72.00 2.69 x 10710
ZnFe>04/PANI-C7HeO2 (hematite) 2.58 70.00 2.16 x 10

12



As can be seen, the conductivity of pure ZF is already within the generally recommended range
for ERF applications (between 107 and 107° S m™?) [50], however, the doped PANI layer can
enhance the particles properties in other ways (as demonstrated in the results section). It is
important to note, that this study initially aimed to compare the effects of the benzoic acid and
phosphate acid doping. However, the latter proved to be too conductive for ER measurements,
causing short-circuit at low electric field. Therefore, the ZF/PANI-P were excluded from further
measurement for the purposes of this article, nevertheless, they might be suitable for different
applications (for instance, as purely corrosion-inhibiting paints [45]) in which the considerably
higher conductivity would provide benefits. In contrast, as presented in the table, the benzoic

acid dopant did not alter the conductivity out of the appropriate range for ERF applications.

3.2  Chemical stability

The behaviour of the dispersed particles in a corrosion-protection paint was previously
demonstrated [28,43]. The presence of the PANI phosphate layer on the surface of the ZF
particles enhanced the anti-corrosion protection for both neutral and acid environments. Both
PANI phosphate and the pigments themselves have a passivating effect on the metal surface
beneath the paint film [43]. The present binder of the coating material allowed the conductive
PANI phosphate to retain its electric charge, especially at the interface between the metal
substrate and the coating film. This charge could be used to oxidize the underlying metal
material to form a protective passive layer [43]. Following those conclusions, additional

experiments evaluating the chemical stability of the particles were conducted.

Figure 4 reveals changes in pH of both pure and coated ZF particles dispersed in diluted HCI.
As can be observed, the pure ZF particles manifested significant reaction with the acid as the
pH value of the tested sample escalated especially during the first 20 min of the test, whereas

the coated particles showcased constant pH value during the measurement. As demonstrated,
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the chemical stability of the coated particles in comparison to neat ZF was enhanced. This
results from the benefit of the PANI-B shell, as PANI generally possess high chemical stability.
As above-mentioned, this is also one of the reasons why PANI is in the spotlight of corrosion-
protection paints. Generally, when corrosion affects the surface, PANI is able to release anions
which function as local corrosion inhibitor. Although this process is irreversible and as such the
protection may fade over time, it is also one of the reasons why PANI is in the spotlight as

corrosion-protection coating [51].
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Figure 4: Chemical resistance of ZF and ZF/PANI-B particles against acidic environment of 0.05M HCI.

3.3  Electrorheology

To illustrate the changes given by the PANI-B shell, only the two most representative samples
of the same base origin (hematite) and morphology are further compared for the ER
performance evaluation. This also serves as a visual and clarity simplification of the later

presented data.

The ER performance was firstly evaluated using a controlled shear rate (CSR) test while
applying electric field through the sample in the range of 0-3 kV mm™. Figure 5 shows the
changes of shear stress in the increasing shear rate in the range of 0.01-50 s~*. As can be seen,
at zero field, both samples exhibited a Newtonian behaviour. However, with the application of

the electric field, the particles self-assemble into chain-like structures which results in

14



a noticeable yield stress generation. The pure ZF displayed close to none changes in the electric
field ranging between 1-3 kV mm=. In contrast, the coated ZF/PANI-B sample reached
superior yield stress values compared to the former which can be attributed to the stronger
chain-like formations of the coated particles. The Newtonian and Bingham plastic behaviours
of the uncoated particles during the on and off-state are showed with the dash dot lines. When
the electric field is applied the material obtains a yield stress at low shear rates. Eventually, the
hydrodynamic forces overcome the electric with increase in shear rate and the material flows
in the same way as the off-state regardless of the magnitude of the electric field. From the
Bingham model a critical shear rate can be found at ~ 1 s where the hydrodynamic forces can
be compared with the electric ones and the chain-like structure is starting to collapse as shown
in the inserts of Fig. 5(a). For the coated particles on the other hand, the stable regime is
extended to higher shear rates which cannot be captured in our experimental window.
The extension of the yield stress regime by an order of magnitude is crucial in specific

applications thus it is a desired enhancement of the fluids’ ER properties [52].
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Figure 5: Flow curves for: pure ZF (a) and ZF/PANI-B (b). Dash dot lines correspond to the Bingham and

Newtonian fits.

To demonstrate the reversibility of the ER performance of the individual samples, a step-wise

test was performed (Fig. 6). The voltage was repeatedly switched on and off in interval of 30 s

15



while the sample was sheared at 5 s™*. The electric field was gradually increased each period
(ranging from 0.5 to 4 kV mm™). As revealed in the Fig. 6, upon activating the electric field,
the shear stress significantly rose immediately. Consequently, it dropped to its original value
after the on-field period, proving the reversible nature of the ER effect. A noteworthy trend was
demonstrated especially by the ZF/PANI-B curve as overall the shear stress grew to higher
values proportionally to the increasing electric field. The uncoated counterpart showcased

similar tendency, but the shear stress rise was rather minimal.
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Figure 6: The effect of step-wise increase of electric field on shear stress at a shear rate of 5 s™*. Changes of

electric field activation are visualized by vertical dot lines and the particular electric field value.

To be exact, the majority of measured points in on-field from the 2 kV mm interval onwards
reached to shear stress of 2 to 3 Pa for the ZF sample. The only exception was the 4 kV mm™
period, where it peaked over 4 Pa. On the other hand, the ZF/PANI-B exceeded 300 Pa in the
final on-field period. Deducting from the results, the PANI-B shell considerably contributed to
the enhancement of the ER performance of the ZF particles. Lastly, it is important to note that
for the uncoated particles, the value of the shear rate corresponds to the region close the

Newtonian regime where the chains should be almost collapsed in comparison with the coated

16



particles for which the shear rate correspond to robust chains presence. The selected shear rate
was chosen to demonstrate that the ER effect is still reversible in the intermediate regime where

the electric forces are competing with their hydrodynamic analogues.

Finally, using the result data from CSR, the ER efficiency was calculated and presented in
Fig. 7. This parameter is considered of great importance for evaluating ER materials [53]. The
ER efficiency can be defined as [54]:

Te— 70

e == % 100(%) or ’7n—"° x 100(%) )
To 0

where ze and 7o stand for the values of shear stress in active and non-active electric field,
respectively. Likewise, 7e and o represent the viscosity in the same corresponding electric field
status. The data acquired in the highest measured electric field strength (3 kV mm™) were
applied as ze which was then converted to efficiency at different shear rates as shown in Fig. 5.
As presented, the ZF/PANI-B achieved higher values in comparison to their uncoated
counterpart. Thus, the significant enhancement of ER efficiency of the coated particles

dispersion was confirmed.
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Figure 7: ER efficiency over increasing shear rate.

The data of ZF/PANI-B based ERF may be compared to a similar above-mentioned dual-

performing ZF/PANI microspheres ERF, introduced by Kim et al. [36], in regards to the mutual
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ER performance. Firstly, taking the steady shear results into consideration, the results of
ZF/PANI-B at 3 kV mm™ reached higher values. However, in regards to ER efficiency, the
ZF/PANI-B seem to have steeper decrease with the increasing shear rate, nevertheless, it should
be considered as a minor difference. Overall, the compared ER performance seems to reach
a similar level for both, therefore it could be concluded, that the ER effect of ZF/PANI-B is at

a satisfying level.

Moving to another ER analysis, the viscoelastic properties of the samples were measured using
dynamic oscillatory tests. Prior to each frequency sweep test, an amplitude sweep measurement
was used as a pre-test to determine appropriate strain region fitting the LVE of the sample.
Considering behaviour similarities of both measured ERFs, the shear strain of 0.004 % was set
as it fits the LVE of both samples. The resulted data of storage G’ and loss G” moduli are
presented in Fig. 8. As shown at zero field, both G’ and G" grew proportionally to the rising
frequency with slopes close to 2 and 1, respectively, indicating the terminal flow-like behaviour.
On the contrary, both G’ and G” showcased increased values in the activated electric field in
form of a plateau. The plateau is proportionally increased with the values of the electric field

strength similar to the abovementioned results.
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Figure 8: Storage (filled symbols) and loss moduli (open symbols) as a function of frequency under different

electric field strengths: ZF (a) and ZF/PANI-B (b).
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Additionally, the higher values of G’ over G” in on-state hints the domination of the elastic
behaviour over the viscous one and a solid-like behaviour with the only exception in lower
frequency in zero-field. This indicates that the substances became solid-like, when exposed
to an electric field. This is a typical ER behaviour caused by chain-like formation of the
dispersed particles in the direction of electric field [55,56]. Furthermore, comparing the pure
ZF-based ERF with the core-shelled one during the on-state, a notable increment of two orders
of magnitude for both moduli is observed for the latter. Therefore, the ZF/PANI-B sample
proved to be a significant enhancement in this regard as well.

Figure 9 compares the storage modulus of coated and uncoated particles based on specularite
and hematite during the on and off-state. Without the application of the electric field, both
samples share an identical behaviour. During the on-state on the other hand, bare
specularite-based particles show a higher plateau of G’ thus better ER effect, which is likely
caused by shape irregularity. In contrast, PANI-B coated hematite-based particles show
a considerably higher increase of the plateau of G’ in comparison to the specularite-based
particles. It can be assumed that the smaller size of the former possesses larger active surface
which leads to better interfacial polarization when particles are coated with conductive polymer

(PANI-B in this case).
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Figure 9: Storage modulus comparison of both hematite and specularite origins of ZF, uncoated particles (a),
PANI-B coated particles (b).
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3.4  Dielectric properties

The ER behaviour of the examined samples is generally known to be a result of interfacial
polarization of the dispersed ER particles. Therefore, following the previous ER measurements,
the dielectric spectroscopy was used to complement the data and to further compare the pure
ZF and coated ZF/PANI-B samples. Figure 10 shows the data of permittivity values (¢'and ¢")
as they were modelled and compared with the H-N model (Eqg. (1)) to acquire the dielectric
parameters. Consequently, the relaxation time zrel and diclectric relaxation strength Ae were
extracted into Table 3. As shown, the pure ZF-based ERF has a three orders of magnitude faster
relaxation time, however lower relaxation strength. This leads to a deduction that with the
addition of PANI-B shell, the sample gained a higher ER potential given the increased dielectric

strength, albeit, the polarization process became slower.
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Figure 10: Dielectric spectra and H-N model curves: ZF (a) and ZF/PANI-B (b). The measured data are shown
as squares while the H-N model fit is represented as dash dot lines.

Table 3: Dielectric properties of pure and core-shell dispersed ZF particles.

Particles el [S]  Ae[]

ZF 0.0001 331

ZF/PANI-B 0.4482 4.01
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4 Conclusions

For the first time, an electro-active and anti-corrosive paint was synthesized based on natural
and synthetic conductive ZF pigments and PANI dopants. Both particle types proved to be very
similar in terms of ER behaviour while only one of the PANI dopants (the benzoic acid), was
able to enhance the particles by keeping an appropriate conductivity for ERFs. In contrast, the
phosphate acid resulted in core-shell particles with too high conductivity in regards to this type

of application.

Overall, the rheological tests have confirmed a satisfying ER response of ZF and ZF/PANI-B.
The coated particles showed a much higher yield stress and the regime, in which the electric
forces dominate of the hydrodynamic, was extended by at least an order of magnitude of the
shear rate. The ERF reversibly changed its state both during the yield stress and close to
Newtonian regime. During oscillatory tests, hematite proved to have a better ER response for
the coated particles. Additionally, the ZF/PANI-B displayed a considerable ER efficiency. In
regards to dielectric properties, the pure ZF particles exhibited a shorter relaxation time, while

the coated particles featured a higher dielectric relaxation strength.

This study has addressed only the ER behaviour and it has not fully analysed the sedimentation
of the particles, which generally plays an important role for both ERFs and protective paints,

nevertheless, it could offer an option for future in-detail research.

Since conductive ZF-based pigments are in the spotlight as corrosion-protection paints and
proved their ER performance, this is the first assessment of these particles as such hybrid

material applicable in both fields. As such, this may offer a unique opportunity to further pursue.
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