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ABSTRACT 

 

Stimulus-responsive materials, often referred as intelligent systems, are of high 

interest for their unique controllable properties. As an external stimulus mainly 

pH, UV light, electric or magnetic fields are involved. A branch of intelligent 

systems which change their physical properties upon an application of external 

electric or magnetic fields are called smart fluids. Firstly, the electrorheological 

fluids were discovered by Winslow [1], who observed the formation of fibrous 

structures formed from electrically polarizable particles within the liquid 

medium in 1948. In the same year, Rabinow has observed the same phenomenon 

with magnetic particles in the liquid medium, and invented the magnetic fluid 

clutch [2]. Since their discovery the smart fluids have been a matter of an 

intensive research in many research groups. In the case of electrorheological 

fluids, their rheological parameters can easily be controlled through an 

application of an external electric field. Such ability comes from a creation of 

internal chain-like structures within them due to dipole-dipole interactions of the 

dispersed particles leading to a change from nearly Newtonian to Bingham-like 

behaviour. Thus, the electrorheological fluids can undergo a transition from 

liquid-like to a solid-like state changing their viscosity significantly. After a 

removal of an external electric field, the internal structures can be easily 

destroyed, which causes suspension viscosity reduction again and thus allows 

external control of rheological parameters. Such behaviour is highly demanding 

in many industrial fields, such as hydraulics and robotics, where these fluids are 

used as dampers, vibration controllers, or a medium for various clutches and 

valves. 

Electrorheological fluids are generally two phase systems consisting of 

electrically polarizable particles dispersed in a non-conducting liquid carrier. 

The particles can be divided into two groups – organic and inorganic. Recently, 

attention has been concentrated on the carbonized materials. Materials 

containing carbon are exposed to high temperatures in an inert atmosphere, 

which leads to their transition to carbonaceous structure containing some 

heteroatoms (mostly nitrogen). Such particles exhibit considerable electric and 

dielectric properties and are therefore a promising material for the use in 

electrorheological fluids. Other recently introduced materials in electrorheology 

are oligomers of conducting polymers. Through doping process, which ensures 

their conductivity, it is possible to prepare particles with the demanding 

properties for electrorheological fluids. 
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ABSTRAKT 

 

Materiály schopné reagovat na vnější stimul, které se někdy nazývají jako 

inteligentní systémy, vzbuzují velký zájem díky svým unikátním a řiditelným 

vlastnostem. Jako vnější stimul slouží zejména pH, světlo, elektrické či 

magnetické pole. Inteligentní systémy, které mění své fyzikální vlastnosti 

v reakci na aplikování vnějšího elektrického či magnetického pole se nazývají 

inteligentní kapaliny. Nejdříve byly roku 1948 objeveny elektroreologické 

kapaliny, kdy Winslow pozoroval formování fibrilárních struktur  elektricky 

polarizovaných částic v kapalném médiu [1]. Ve stejném roce Rabinow 

pozoroval obdobný fenomén s magnetickými částicemi, na jehož základě 

vynalezl magnetickou spojku [2], kde jako médium byla používána právě 

magnetoreologická suspenze. Od svého objevu jsou inteligentní kapaliny 

předmětem intenzivního výzkumu v mnoha výzkumných skupinách. V případě 

elektroreologických kapalin je možné kontrolovat jejich reologické parametry 

pomocí aplikování externího fyzikálního pole. Tato schopnost vychází 

z vytváření vnitřních řetízkovitých struktur v těchto kapalinách díky interakci 

mezi dipóly dispergovaných částic, čímž se kapaliny přestávají chovat 

jako newtonské, a začnou naopak vykazovat binghamské tokové vlastnosti. Tyto 

kapaliny tedy mohou přecházet mezi kapalným a „pseudopevným“ stavem. Po 

odstranění vnějšího fyzikálního pole lze vnitřní vytvořené struktury lehce rozbít, 

což podmiňuje možnost řízení reologických parametrů celého systému. Takové 

chování je žádoucí v řadě průmyslových odvětví, zejména v hydraulice a 

robotice, kde jsou tyto kapaliny využívány jako tlumiče, regulátory vibrací nebo 

jako kapalné médium ve spojkách a ventilech. 

Elektroreologické kapaliny jsou většinou dvousložkové systémy sestávající 

z elektricky polarizovatelných částic dispergovaných v nevodivém kapalném 

médiu. Používané částice lze rozdělit do dvou základních skupin – organické a 

anorganické. V poslední době je pozornost upínána k částicím karbonizovaných 

materiálů. Materiály obsahující uhlík jsou vystaveny vysokým teplotám v inertní 

atmosféře, čímž jsou převedeny na částice s uhlíkovou strukturou obsahující 

heteroatomy (nejčastěji dusík). Tyto částice poté vykazují výhodné elektrické a 

dielektrické vlastnosti a jeví se proto jako vhodný materiál pro elektroreologické 

kapaliny. Jinými nedávno představenými materiály v oblasti elektroreologie jsou 

oligomery vodivých polymerů. Pomocí dopování, které určuje jejich vodivost, je 

možné připravit materiály s přesně požadovanými vlastnostmi pro 

elektroreologické kapaliny. 
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1. THEORETICAL BACKGROUND 

1.1 General overview of smart fluids 

Smart fluids (SF) are liquids whose rheological parameters (viscosity, yield 

stress, viscoelastic moduli) can be controlled via an external physical field. 

Smart fluids are generally suspensions, where the dispersed phase is composed 

of electric or magnetic field-responsive particles. In the case of electrically 

polarizable particles, their suspensions are called as electrorheological (ER) 

fluids, while in the case of the magnetically polarizable particles their 

suspensions are called magnetorheological (MR) suspensions. Both of them can 

undergo controlled transition from liquid to a solid-like state. The transition 

occurs rapidly within milliseconds and, moreover, it is completely reversible. 

Such behaviour is highly demanded in some industrial fields and many 

applications [3-13] have been therefore proposed for these unique systems. 

This change occurs due to an orientation of dispersed particles along with the 

streamlines of an applied electric field spanning the electrodes or the magnet 

poles inducing a magnetic field. While in the absence of the physical field, the 

distribution of the particles is completely random (Fig. 1a) [14], after its 

application the particles create highly organized chain-like structures (Fig. 1b) 

[14], controlling then the rheological properties of the whole system and leading 

to an abrupt increase in a viscosity and viscoelastic moduli. The formation of 

internal structures is called ER or MR effect, respectively, matter the applied 

physical field. The rheological behaviour of SFs, thus, covers broad spectrum of 

various responses to the applied deformation, i.e. their behaviour can be 

described from Newton´s law in the absence of an external physical field to the 

models including the yield stress, y
1
 , such as Bingham model [15, 16].  

 

1.2 Rheological behaviour of smart fluids 

As it relies from above mentioned text, the main interest of researchers in these 

SFs is due to their controllable behaviour in the presence of an external physical 

field. In its absence the distribution of the particles within the SFs is random and 

the SFs then behave as Newtonian or slightly pseudoplastic fluids, and obey the 

Newton´s (eq. 1) or the Krieger-Dougherty´s formula [17] for the suspensions 

(eq. 2) [18].  

                                           
1
 The yield stress, y, represents the stress that can system withstand before it starts to flow. 
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Fig. 1. An ER fluid (a) in the absence and (b) in the presence of an external electric 

field of strength 0.3 kV mm
–1

. 

 𝜏 = 𝜂 × �̇� (1) 

 𝜂 =  𝜂𝑆 (1 −
𝜑

𝜑𝑚
)

–[𝜂]𝜑𝑚

 (2) 

In the eq. 1,  is shear stress, η and  ̇ are shear viscosity and shear rate, 

respectively. In eq. 2 the symbol ηS represents viscosity of the suspending fluid, 

 and m are the particle volume fraction and maximum-packing volume 

fraction, respectively. After an application of the external field, these fluids start 

to behave as viscoplastic fluids exhibiting yield stress and their rheological 

parameters can be then described in the simplest way by the Bingham equation 

(eq. 3) [19]. 

 τ = τy + 𝜂pl × �̇� ; |𝜏|  ≥  τy (3) 

�̇� = 0; |𝜏| < τy 

The y describes the yield stress and pl is a plastic viscosity. 

The Bingham model describes y, however, it is not well accurate in the flow 

prediction of pseudoplastic fluids, since it omits the pseudoplastic behaviour at 

low shear rates that leads to inaccurate values of the yield stress. In the 

prediction of the yield stress the Herschel-Bulkley model (eq. 4) is much more 

accurate [20] and it is also possible to use it for modelling of flow behaviour of 

SFs. 

 τ = τy + 𝜂pl × �̇�n (4) 

(a) (b) 
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The exponent n here represents flow behaviour index. When n = 1, the equation 

is simplified to Bingham equation. If the exponent is n < 1 the fluid behaves as 

the pseudoplastic fluid, which is the case of ER fluids and MR suspensions. 

In the case of ER fluids, the special Cho-Choi-Jhon [21] model (eq. 5) has been 

proposed and it fits the flow curves of ER fluids very well. Unfortunately, it is 

not generally possible to use it for MR suspensions due to their slightly different 

shape upon an application of an external magnetic field. 

 𝜏 =  
 τy

1+(𝑡1�̇�)𝛼
+ 𝜂∞ ∙ (1 +

1

(𝑡2�̇�)𝛽) × �̇� (5) 

In the Cho-Choi-Jhon model the t1 and t2 are time constants inverse of the shear 

rate representing the region where the shear stress exhibits a minimum at a low 

shear rate and inverse to a shear rate at which a pseudo-Newtonian behaviour 

starts, respectively. The exponent α is related to the decrease in the shear stress 

and the values of β are between 0–1, since d/ḋ > 0, and the ∞ represents shear 

viscosity at high shear rates [21].  

The advantage of using Cho-Choi-Jhon model over the Bingham one is clearly 

seen from Fig 2. The flow curves of SFs in the presence of an external physical 

field are determined by the collision between electrostatic resp. magnetic forces 

against hydrodynamic ones. Fig. 2 depicts the flow curve for ER fluid based on 

dodecylbenzene-sulfonic acid doped polyaniline (PANI) particles in silicone oil. 
At stresses lower than y, the electrostatic forces dominate over hydrodynamic 

ones. With increasing stress the ER fluid starts to flow and the values of shear 

stress start to decrease due to increasing hydrodynamic forces connected with 

the destruction and restoration of the internal structures. The dashed lines in 

Fig. 2 then represent the critical shear rate values at which the hydrodynamic 

forces start to dominate over electrostatic ones. It can be seen that with 

increasing electric field strength the values of critical shear rate increase, which 

represents the stiffer internal structures at stronger electric fields. The Cho-Choi-

Jhon model is represented in Fig. 2 by solid lines and it is evident that this 

model can also describe the decrease in the shear stress before the hydrodynamic 

forces start to dominate. This model can thus much better fit the ER flow curves 

and also predict y more accurate than the Bingham model (dotted line). 
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Fig. 2. ER flow curves for the ER fluid composed of dodecylbenzene-sulfonic acid 

doped PANI particles in silicone oil at various electric field strengths. The solid lines 

represent a fit according to Cho-Choi-Jhon model and the dotted lines represent the 

Bingham model. The dashed lines represent the critical shear rate. Reprinted from 

Kim et al. [22]. 

 

1.3 Physical background of the electrorheological effect 

The ability of electrically polarizable particles to create organized chain-like 

structures upon an application of an external electric field arises from 

electrically induced dipole-dipole interactions [23]. When the electric field is 

applied the particles and their dipoles become polarized and then they orient 

themselves along the electric field direction and the structures hold together due 

to the mentioned dipole-dipole interactions (Fig. 3). Among the various types of 

polarizations, it is assumed that the interfacial Maxwell-Wagner [24] 

polarization is mainly responsible for the ER effect and it has been demonstrated 

that the higher dipole-dipole interactions the higher ER effect is observed. 

Beside the dielectric properties, the conductivity of the particles plays also the 

major role on the rate of the ER effect [24-26]. It not only contributes to the 

electrostatic forces between the particles determining the stiffness of the created 

structures, it also determines the response time of the particles [25]; it means, 

the higher conductivity of the particles the faster their polarization occurs. 

Besides the intrinsic properties of the dispersed particles and liquid medium, the 

electric field strength also directs the rate of ER effect (see chapter 1.5.1 

Electric field strength). In ER fluids in which the ER effect is directed 



10 

dominantly by polar molecules, the polar groups attract each other after an 

application of an electric field, E, and it has been demonstrated that the local 

electric field, EL, between two aligned polar particles is much higher than the 

overall applied electric field [23, 27]. The high ratio εp/εlm, where εp represents 

the relative permittivity of dispersed particles and εlm is the relative permittivity 

of a liquid medium, is crucial for obtaining a strong EL (EL>>E) [23, 27], that 

further leads to high ER effects due to formation of stiffer chain-like structures. 

The mismatch between εp and εlm can be increased by introducing polar groups 

into the particles resulting in increased ER effects [28]. 

 

Fig. 3. Electrically polarizable particles dispersed in an ER fluid and their formation 

into the internal chain-like structures. (a) In the absence of an external electric field 

the particles are randomly distributed within the ER fluid; (b) after an application of 

an external electric field, E, the particles create oriented chain-like structures 

spanning the electrodes. 

In addition to conductivity and relative permittivity, recently, the role of the 

position of the relaxation peak of dielectric losses of the ER fluids, which refers 

to the relaxation time, trel (eq. 6), on the ER effect has been a matter of 

investigation in some recent papers [29-31]. 
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 𝑡rel =  
1

2𝜋𝑓
  (6) 

In order to obtain exact values of trel and real permittivity part at zero, ε′s, and 

infinite, ε′∞, frequency, and thus to be able to predict the ER properties of 

prepared ER fluids the Havriliak-Negami model (eq. 7) is frequently applied to 

the obtained data from the dielectric spectroscopy measurements of the ER 

fluids (Fig. 4; Tab. 1) [32]. 

 𝜀∗ =  𝜀∞
’ + 

(𝜀s
’  – 𝜀∞

’ )

(1+(𝑖𝜔∙𝑡rel)a)b
  (7) 

The ε* stays here for complex permittivity and is the angular frequency. The 

parameters a and b represent the breadth and skewness of the distribution of 

relaxation times, respectively. The algebraic difference (𝜀′s–𝜀′∞) is called the 

dielectric relaxation strength, ∆𝜀′ [32]. It has been also proposed that for high 

ER effects, trel should lay within 1.6×10
–3

 and 1.6×10
–6

 s (in the frequency range 

10
2
–10

5
 Hz), and the dielectric loss tangent, tan δ, should be higher than 0.1 [25, 

33]. 

The influence of the trel of ER fluids on their ER effect has been recently 

described by Wang et al. [30]. His work has shown that there is a certain 

threshold in relaxation times that is approximately trel = 10
–2

 s, and under this 

limit the stiffness of the internal structures in the ER fluids depends mainly on 

the electric and flow fields; thus, with variations in relaxation time under trel = 

10
–2

 s, the shear rate at which the break of the internal structures occurs is nearly 

independent on trel. On the other hand, when trel > 10
–2

 s the shear rate at which 

the internal structures break down is more influenced by the trel of ER fluids 

instead of E [30]. 
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Fig. 4. (a) Real part, ’, and (b) imaginary part, ”, of complex permittivity 

dependence on frequency, f, for ER fluids of 5 wt% concentration based on TiO2 

anatase (○), and TiO2 rutile (△) particles. Reprinted from Sedlacik et al. [34]. 

 

Table 1 – Dielectric parameters of ER fluids of 5 wt% concentration based on TiO2 

anatase and TiO2 rutile particles obtained from Havriliak-Negami model. Reprinted 

from Sedlacik et al. [34]. 

Parameter TiO2 anatase TiO2 rutile 

ε′s 3.10 3.30 

ε′∞ 2.93 3.07 

∆ε′ 0.17 0.23 

trel [s] 3×10
–5

 9.06×10
–6
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Fig. 5. Influence of the relaxation time of the ER fluids on the their performance in the 

presence of an electric field: (a) the state when the electric field is on and no shearing 

is applied and the behaviour of ER fluids with (b) short, (c) large, and (d) moderate 

relaxation times in the shearing mode. Reprinted from Wang et al. [30]. 

 

1.4 Composition of electrorheological fluids 

1.4.1 Liquid medium 

A liquid medium, in which the dispersed phase of ER fluids is dispersed, should 

fulfil some criteria. The medium should be chemically, thermally and thermo-

oxidatively stable. It should be able to operate in a broad temperature range and 

not to undergo a phase transition in the operating temperature region. It should 

also not interact with the particles in the negative way. In the case of ER fluids, 

the continuous phase should be also non-conducting and having a low relative 

permittivity [35, 36]. Therefore, the silicone or mineral oils are usually chosen 

as a continuous phase in ER fluids. The oils fulfil the above mentioned criteria 

and further various type with tuneable viscosity and composition are available, 

thus one can choose the liquid medium with the proper properties. 

The choice of a liquid medium further strongly influences the ER efficiency (for 

closer description see chapter 1.6 Requirements on electrorheological fluids). 
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Even though the intrinsic viscosity of the chosen liquid medium does not 

significantly influence the ER effect, it directly determines the viscosity of ER 

fluid in the absence of an electric field. Therefore, with a liquid medium of 

lower viscosity the ER efficiency increases [31]. On the other hand, the use of 

liquid with low viscosity leads to faster sedimentation of the particles. 

1.4.2 Dispersed phase 

Electrorheological fluids are generally composed of non-conducting liquid 

medium (silicone and mineral oils) and electrically polarizable particles. These 

particles can be divided into two main groups – organic and inorganic. The latter 

is mainly represented by silica [37-40], titanates [14, 41-46], and clays [47-53]. 

Titanates are of high interest due to their low conductivity and substantial 

dielectric properties. These inorganic materials can be used for preparation of 

ER fluids with high yield stresses and low passing currents through the system 

due to low intrinsic conductivity of the particles. Major drawback is their high 

density in comparison with organic materials leading to their fast sedimentation. 

Organic particles are dominantly represented by conducting polymers [22, 54-

58] and various carbonaceous materials [59-66]. Conducting polymers are 

intensively studied materials in electrorheology due to their easy and 

inexpensive synthesis, and controllable conductivity, which should be 

approximately 10
–5

–10
–9

 S cm
–1

 for high ER effects, through the doping process 

[67, 68]. Polyaniline (Fig. 6), its derivatives, polypyrrole (PPy), and 

polythiophene are typical representatives of this group. The conductivity of 

conducting polymers is provided via their conjugated systems containing sp
2
 

hybridized carbon atoms possessing delocalized electrons.  

Recently, ER fluids based on novel organic conducting materials based on 

oligomers of conducting polymers have been introduced [69]. These materials 

miss the conjugated system (Fig. 7) and the conductivity mechanism is then 

provided through inter-molecular charge transport [70, 71], and therefore, 

doping mechanism and hydrogen bonds play a crucial role in the charge 

transport [72]. The former is responsible for the holes transport and the latter for 

electron transport. Doping mechanism is then crucial for high conductivities of 

these materials, and, thus, for high ER effects [69]. In the case of ER fluids 

based on aniline oligomers prepared in the various concentrations of 

methanesulfonic acid (MSA), the higher concentration of a dopant, the higher 

ER effects were observed (Fig. 8) [69]. The oligomers of conducting polymers 

represent a new class of conducting materials. 
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Fig. 6. The preparation and the chemical structure of PANI salt. Reprinted from 

Trchova et al. [73]. 

 

 

Fig. 7. Various possible aniline oligomers formation proposed by (a) Venancio et al. 

[74], (b) Surwade et al. [75], (c) Kriz et al. [76], and (d) Zujovic et al. [77]. Reprinted 

from Stejskal et al. [78]. 
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Fig. 8. Dependence of the shear stress,  on the shear rate,  ̇, of the ER fluids based 

on aniline oligomers particles prepared in the presence of (a) 0.1 M, (b) 0.2 M, and (c) 

0.5 M MSA solutions at various external electric field strengths: 0 kV mm
–1

 (squares), 

0.5 kV mm
–1

 (triangles), 1 kV mm
–1

 (diamonds), 1.5 kV mm
–1

 (left-pointing triangle), 

and 2 kV mm
–1

 (circle). Reprinted from Mrlik et al. [69]. 
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In addition, few papers were recently published introducing a utilization of 

carbonization
2
 process for a preparation of new electrically polarizable particles 

for ER fluids [80-84]. Carbonized particles possess high relative permittivity 

and large surface area. Both of these properties contribute to higher ER effect of 

their ER fluids in comparison with the ER fluids based on their non-carbonized 

analogues [80, 83]. Also the conductivity of the particles is strongly dependent 

on the carbonization temperature and can be thus controlled via carbonization 

process [83]. Qiao et al. [80] has used starch as an organic precursor containing 

carbon. The starch was carbonized at elevated temperatures in a nitrogen 

atmosphere and the particles were further mixed with silicone oil in order to 

prepare novel ER fluids. At elevated temperature, the starch underwent 

transition into carbonaceous structures possessing significantly higher surface 

area. This change positively contributed to an increase in interfacial polarization 

and their ER fluids then exhibited significantly higher ER effects than the ER 

fluids based on pure non-carbonized starch. 

 

1.5 Factors influencing electrorheological effect 

1.5.1 Electric field strength 

Yield stresses exhibited by ER fluids considerably increase with increasing 

electric field strength. Higher electric field strengths evocate stronger dipole-

dipole interactions between particles leading to significantly stiffer structures. 

The dependence of the y of ER fluids on the electric field strength obeys mostly 

the power law (eq. 8) [22]. Parameter q describes a rigidity of the system and α 

is a slope of linear curve fitting the data. 

 𝜏y = 𝑞 × 𝐸𝛼 (8) 

In the case of ER fluids, it has further been demonstrated that for well-developed 

internal structures from the particles, the exponent α should lie within 1.5-2 

depending on the physical mechanism of holding the internal structures together 

[27, 85]. When the conductivity is the predominant factor determining the ER 

effect, the value 1.5 should be obtained [86], and a value 2 should be found in 

the case of polarization mechanism (Fig. 9). 

                                           
2
 Carbonization is a process where organic materials are treated at elevated temperatures 

in an inert atmosphere. Recently, carbonized conducting polymers are a matter of an 

intensive research. When the nitrogen containing polymers are exposed to elevated 

temperatures in a nitrogen atmosphere, they undergo transition into nitrogen-enriched 

carbonaceous structures with unique properties [79]. 
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Fig. 9. Dependence of the shear stress values obtained at very low shear rates, 𝜏c, on 

the electric field strength, E, for ER fluids based on TiO2 particles in (▲) rutile and 

(●) anatase form. The concentration of the dispersed phase was 15 wt%. Reprinted 

from Sedlacik et al. [34]. 

1.5.2 Particles size and morphology 

The particles used as a dispersed phase in ER fluids can possess tremendous 

variations of morphologies [87]. The role of morphology is connected with the 

specific surface area and the inter-particle friction which occurs while 

orientating under the external electric field and deformation of the chain-like 

structures in the flow. It has been demonstrated that the ER fluids based on  

PANI or PPy rod-like (or fibrous) particles exhibit higher ER effects in 

comparison with the ER fluids based on PANI [58] or PPy [88] of the similar 

conductivities and the spherical morphology. Also in the case of ER effects of 

ER fluids based on various form of TiO2, the ER fluids based on rutile form 

(rod-like particles) exhibit higher ER effect than the ER fluids based on anatase 

(spherical particles) (Fig. 9) [34]. In addition, the higher aspect ratio of the rods 

(fibrils) positively contributes to the ER effect [88]. 

In the case of using plate-like particles in ER fluids (Fig. 10), these ER fluids 

exhibit significantly higher ER effects than the ER fluids based on the spherical 

ones, [89, 90] mainly due to higher inter-particle friction [91].  

The role of the particle size is more complex. Even though, it can be said that 

the bigger particles the bigger effects are observed. In the electrorheology, 

nevertheless, the highest ER effects have been observed for the ER fluid based 
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on dielectric nanoparticles [92, 93]. The smaller particles possess together 

higher specific surface area leading to increased amount of polar forces between 

them. The behaviour in the absence of an external physical field has to be also 

considered, since the nanoparticles-based suspensions typically exhibit higher 

viscosity due to higher particles-liquid medium interactions [18]. 

 

Fig. 10. The static yield stress vs. electric field strength for ER fluids based on 

graphene supported carbonaceous sheets (open symbols) and pure carbonaceous 

particles (solid symbols). Reprinted from de Yin et al. [90]. 

1.5.3 Temperature 

Temperature is an important factor since the ER fluids should be able to operate 

in a wide temperature region and further temperature influences the physical 

properties of ER fluids. Generally, the ER effect of ER fluids increases with 

increasing temperature.  

Many studies dealing with the temperature dependence of ER fluids [22, 41, 84, 

94-99] have been introduced. The dispersed particles commonly used in ER 

fluids are semiconductors, whose conductivity and polarizability significantly 

increase with increasing temperature through thermally activated process [59, 

70]. Increasing the temperature has generally several main positive impacts on 

the ER fluids: (i) an increase in the polarization magnitude, (ii) a shortening of 

trel of the ER fluids [84, 95], (iii) an increase in electrical conductivity of the 

dispersed particles [22, 98], and (iv) the viscosity of a liquid carrier decreases 

(Fig. 11) [22, 97]. All these effects of increased temperature lead to an 

enhancement of the ER effect (Fig. 11) and its stability at elevated temperature. 
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On the other hand, negative influence of the elevated temperature on the ER 

effect has also been observed [100]. 

 

Fig. 11. The values of yield stresses at 3 kV mm
–1

 and viscosity in the absence of an 

external electric field vs. temperature for ER fluids based on nitrogen-enriched 

carbonaceous nanotubes derivate from PANI of concentration 10 vol%. Reprinted 

from Yin et al. [84]. 

1.5.4 Particle concentration 

The ER effect of ER fluids is also highly influenced by the concentration of the 

dispersed phase. The higher amount of particles in ER fluids leads to a higher 

amount of particle-particle interactions increasing the sum of the electrostatic 

forces. Jiang and co-workers [101] or Kim and co-workers [102] investigated 

the influence of particle concentration on the ER effect of the ER fluids based on 

zeolite or dodecylbenzene-sulfonic acid doped PANI, respectively. In both 

studies the static yield stress significantly increased with increasing particle 

concentration (Fig. 12). 
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Fig. 12. The static yield stress vs. electric field strength for ER fluids based on 

dodecylbenzene-sulfonic acid doped PANI particles in silicone oil containing various 

particle concentration. Reprinted from Kim et al. [102]. 

Jiang et al. [101] further proposed a basic equation concerning the influence of 

particle concentration on the ER effect, which can be simplified according to 

Song et al. [103] to the form (eq. 9): 

 𝜏y = 𝐴𝑒𝐶𝜑 (9) 

where A and C are constants dependent on the electrostatic properties of the 

particles dispersed in an ER fluid. On the other hand, the viscosity in the 

absence of an external electric field is also strongly dependent on . Lengalova 

et al. [104] focused on the ratio of the viscosity in presence of an electric field, 

ηE, and the viscosity in the absence of an external electric field, η0, describing 

the effectivity of the system. Even though the yields stress increases with the 

higher volume fraction of the particles (Fig. 13a), the ER effectivity depending 

on  had a certain maximum (Fig. 13b) due to increased η0. Thus, the higher 

particle volume fraction of the particles in ER fluids leads to higher ER effects; 

however, it is something more challenging to propose the system with higher ER 

effectivity by changing the particle concentration. 
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Fig. 13. (a) The dependence of the viscosity in the absence of an external electric field, 

η0, (■) and viscosity in the presence of an external electric field, ηE, of 

strength 2 kV mm
–1

 (●); (b) the dependence of the ratio of ηE/η0 on the particles 

volume fraction for ER fluids based on PANI particles in silicone oil. Reprinted from 

Lengalova et al.[104]. 

 

1.6 Requirements on electrorheological fluids 

Electrorheological fluids have to fulfil several requirements on their properties 

and behaviour in order to be implemented into the real applications. They have 

to exhibit high difference in the rheological properties in the presence and in the 

absence of an external electric field (high y). This difference is well embodied 

in the eq. 10 [46, 57] for ER efficiency, e, where the η0 and ηE represent again 

the viscosity in the absence and in the presence of an external electric field, 

respectively. 

 𝑒 =
𝜂𝐸–𝜂0

𝜂0
  (10) 
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The SFs have to be further physically (no sedimentation should occur) and 

thermo-oxidatively stable. They have to operate in a broad temperature region 

and they have to exhibit low electrical current passing density [26]. If 

sedimentation occurs, another important factor is the redispersibility of ER 

fluids. It represents how difficult is to redisperse the sediment within the ER 

fluids. The particles should also display no abrasion in order to keep their 

properties for a long-term use. 

 

1.7 Shortcomings of electrorheological fluids 

The main drawback of ER fluids is the low ER effect. Their magnetic analogues 

(MR suspensions) exhibit significantly higher yield stresses in comparison with 

ER fluids; therefore, they have found a broader utilization in everyday life. In 

the case of ER fluids, their ER effects are still weak to be utilized in some of the 

industrial fields. The ER effect be increased with an addition of a huge amount 

of particles or substances with polar groups; however, this can lead to an 

undesirable increase in viscosity in the absence of an external electric field. 

The other important issues are the sedimentation and thermo-oxidative stability. 

The particles used as a dispersed phase in ER fluids possess commonly higher 

density than the liquid medium in which they are dispersed. This leads to 

undesirable sedimentation problems and the ER fluid then do not fulfil the 

demand on the long-term stability. Many studies have been introduced on this 

topic and proposed some solutions to suppress sedimentation. In the case of 

conducting polymers the sedimentation is not that crucial as in the case of dense 

titanates due to their lower density. Sedlacik et al. [105] has prepared an ER 

fluid based on composite titanate/PPy particles. The presence of PPy led to a 

decrease in a bulk density of the material which enhanced the sedimentation 

stability of the ER fluid (Fig. 14). This approach, moreover, significantly 

promotes the ER effect of the ER fluid. 

 

1.8 Application of smart fluids 

Many potential applications utilizing SFs as a functional medium have been 

proposed mainly in robotics and hydraulics. Some of them have already been 

utilized in an everyday life and some of them are of interest and are deeply 

researched recently. The possibility to control their rheological parameters can 

be involved for instance in damping systems, such as dampers [13], or in 

common devices such as washing machines. In automotive industry the SFs can 

be used in dampers [13], brakes, valves [7] and as a medium in electric clutches 

[4, 9]. Also their utilization in biomedicine as artificial joints [6] or artificial 
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muscles controllers [10] has been proposed. Last but not least, also inks and 

haptic displays using ER fluids have been suggested [8].  

 

Fig. 14. The sedimentation stability of ER fluids of concentration 25 wt% based on 

TiO2 particles (●), and TiO2/PPy composite particles (▲). Reprinted from Sedlacik et 

al. [105]. 
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2. MOTIVATION AND AIMS OF THE DOCTORAL 

STUDY 

2.1 Motivation 

The ER fluids are materials exhibiting unique properties, which pronounced 

them for the use in many industrial applications. There are still physical issues 

that have to be solved in order to better understand and predict their behaviour. 

Another important topic is to find new compositions of ER fluids and materials 

to be utilized in them that would exhibit better rheological performance in the 

absence and in the presence of an external electric field. 

 

2.2 Aims of the Doctoral Study 

 Preparation of new materials based on oligomers of conducting polymers 

which could be used as a dispersed phase in ER fluids in order to 

enhance their performance. 

 Investigation of the possibility to use carbonization process as a new 

method for preparation of electrically polarizable particles for ER fluids 

with enhanced ER effect. 

 Investigation of rheological parameters of the prepared ER fluids in the 

absence and in the presence of an external electric field. 
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3. EXPERIMENTAL PART 

As mentioned above, the thesis investigates the possibility of preparation of 

novel particles for ER suspensions via carbonization process and the use of 

oligomers of conducting polymers. 

Firstly, the possibility to prepare novel electrically polarizable particles by 

carbonization of poly(p-phenylenediamine) (ppPDA) was investigated. The 

results were introduced in Paper I – An effect of carbonization on the 

electrorheology of poly(p-phenylenediamine). The ppPDA was prepared by an 

oxidative polymerization of p-phenylenediamine with ammonium 

peroxydisulfate. The prepared ppPDA particles were carbonized in a nitrogen 

atmosphere at various temperatures (200-800°C) in order to determine an impact 

of carbonization temperature on ER effect of their silicone-oil ER fluids. It is 

important to say, that the particles carbonized at 650°C and 800°C were too 

conductive and are therefore further omitted in the ER investigations. As it can 

be found in the literature [106], the carbonization temperature strongly 

influences the conductivity of the prepared particles.  

The higher carbonization temperature during the carbonization of ppPDA, the 

higher specific surface area of the particles was achieved (Tab. 2) due to 

increased porosity of the particles and their reduced size while transformation 

into nitrogen-enriched carbonaceous structures. 

Table 2 – ppPDA particles specific surface area 

Carbonization temperature [°C] Specific surface area [m
2
 g

–1
] 

Original 30.4 

200°C 33.7 

400°C 69.3 

600°C 259 

The Raman spectroscopy confirmed the transformation of ppPDA particles into 

nitrogen-enriched carbonaceous structure by an exhibition of so-called G and D 

peaks which are typical for graphitic material. The G and D bands represent 

graphitic band (stretching of sp
2
 carbons) and disorder band (stretching of 

carbon rings with some defect), respectively. 

As mentioned above, the carbonization of the particles led to an increase in their 

specific surface area. This fact caused an increase in their silicone oil suspension 

viscosity in the absence of an external electric field, which was the highest for 

the particles carbonized at 600°C (Fig. 15a), due to higher interactions between 

particles and silicone oil. The carbonization process also significantly affects the 

ER effect of the prepared ER fluids. The highest ER effect was observed for the 
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ER fluid based on original particles (non-carbonized); even though the ER 

activity of the ER fluids based on particles carbonized at 200°C and 600°C was 

very similar (Fig. 15b). The ER fluid based on particles carbonized at 400°C 

exhibited clearly the lowest ER effect (Fig. 15b); probably because of a 

decomposition of conjugated system in ppPDA. With a further increase in a 

carbonization temperature, the loss of electric and dielectric properties which 

arose from the decomposition of conjugated systems is substituted with the 

transformation into carbonaceous structure possessing enhanced properties 

leading to increased ER effect of ER fluids based on such structures. 

Fig. 15. The dependence of shear stress, , on the shear rate,  ̇, for ER fluids based on 

ppPDA and its carbonized analogues (a) in the absence of an external electric field, 

and (b) in the presence of an electric field of strength 2 kV mm
–1

. 

Even though the ER fluids based on original particles and particles carbonized at 

200°C and 600°C show nearly the same ER effects, the ER efficiency 

(calculated according to eq. 10) is the highest for the first two ER fluids. The ER 

fluids based on particles carbonized at 600°C possessed significantly higher 

viscosity in the absence of an external electric field lowering the total ER 

efficiency of the fluid (Fig. 16). 
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Fig. 16. The dependence of ER efficiency, e, calculated according to eq. 9 on the shear 

rate,  ̇, for ER fluids based on ppPDA and its carbonized analogues. The meaning of 

the symbols is the same as in Fig. 15. 

 

Carbonization was found as an interesting tool for preparation of new electric 

and dielectric particles, which are suitable for the use in ER fluids. The aniline 

oligomers were further prepared at various concentrations (0.1 M–2 M) of 

ammonium hydroxide (NH4OH) presented during their synthesis. Results are 

summarized in Paper II – Carbonization of aniline oligomers to electrically 

polarizable particles and their use in electrorheology. The prepared particles 

were further carbonized at 650°C in a nitrogen atmosphere; thus, aniline 

oligomers were prepared together with their carbonized analogues. In contrast to 

carbonization of ppPDA particles, the size of the aniline oligomers prepared at 

higher concentration (<0.2 M) of NH4OH increases, since the particles were 

sintered together at 650°C and during the cooling down, these were broken 

down into the sheets (Fig. 17). The particles prepared in the presence of 0.1 M 

NH4OH possessed on their top a PANI layer, which protects the particles to be 

melted down, and therefore, their size was reduced after the treatment as it is 

usual for carbonized particles. Raman spectra of carbonized aniline oligomers 

particles again confirmed the transformation into carbonaceous structures 

exhibiting the typical G and D bands. 
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Fig. 17. Scanning electron micrographs of aniline oligomers prepared in the presence 

of (a) 0.1 M, (b) 0.2 M, and (c) 2 M NH4OH solution (d-f) and their carbonized 

analogues treated at 650°C in a nitrogen atmosphere. 

ER fluids of concentration of 10 wt% were prepared by mixing of prepared 

particles with silicone oil in a weight ratio 1:9. Generally, the ER fluids based on 

carbonized aniline oligomers exhibited higher ER effects than the ER fluid 

based on their non-carbonized analogues (Fig. 18). The ER fluids based on 

carbonized aniline oligomers in addition exhibited significantly higher ER 

effects than those ER fluids based on carbonized ppPDA keeping the same 

concentration of dispersed particles. The aniline oligomers formed larger 

particles after the carbonization process leading to a creation of stiffer structures. 
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The carbonization was thus confirmed as a suitable tool for preparation of 

electrically polarizable particles, whose ER fluids exhibit increased ER effects. 

Important findings, however, were observed by a comparison of the results 

obtained from steady-shear and oscillatory measurements. As it has been 

mentioned above, it is assumed that the interfacial polarization plays the major 

role on the rate of ER effect of ER fluids; thus, the higher dielectric relaxation 

strength, the higher ER effect should be observed. Prepared ER fluids based on 

carbonized aniline oligomers prepared in the presence of 0.1 M and 0.2 M 

NH4OH have shown nearly the same ER effect in the steady-shear 

measurements, even though the dielectric relaxation strength of the former was 

1.80 and of the latter one 1.18, which is significantly lower. In this case, the role 

of the relaxation time, trel has been as the crucial factor in prediction of the ER 

effect. The trel of ER fluid based on carbonized aniline oligomers prepared in the 

presence of 0.1 M and 0.2 M NH4OH were 1.9 × 10
–4

 and 5.6 × 10
–5

 s, 

respectively. This stresses the importance of trel for generation of the ER effect. 

Moreover, in the case of oscillatory rheological measurements, the highest ER 

efficiency was observed for the case of the ER fluid based on carbonized aniline 

oligomers prepared in the presence of 0.2 M NH4OH (Fig. 19); however, the ER 

efficiency for the ER fluids based on carbonized aniline oligomers prepared in 

the presence of 0.1 and 2 M NH4OH were nearly the same, even though their ER 

fluids possess different dielectric properties. The latter have the dielectric 

relaxation strength and trel 1.07 and 1.2 × 10
–4

 s, respectively. One of the factor 

could be also the larger size of the carbonized particles prepared in the presence 

of 2 M NH4OH. Thus, the dielectric relaxation strength itself is not sufficient 

parameter  for prediction the ER properties of ER fluids. 

 

Fig. 18. The dependence of shear stress, , on the shear rate,  ̇, for suspensions based 

on (a) original and (b) carbonized aniline oligomers prepared in various 

concentrations of NH4OH at electric field strength 3 kV mm
–1

. 

. 
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Fig. 19. The dependence of ER efficiency calculated from the values of elastic modulus 

in the presence of an electric field of strength 3 kV mm
–1

, G′E and in its absence, G′0 

on the angular frequency, 𝜔, for ER fluids based on carbonized aniline oligomers. 

The dramatic change in ER performance of ER fluids based on aniline 

oligomers and their carbonized analogues has to be contributed to a dramatic 

change in dielectric properties. Only the ER fluids based on aniline oligomers 

prepared in the presence of 0.1 and 0.2 M NH4OH among the ER fluids based 

on aniline oligomers exhibited relaxation process, even though, this was at high 

frequencies (Fig. 20). The rest of ER fluids based on aniline oligomers exhibited 

no relaxation at all in the measured region. The ER fluids based on carbonized 

samples, however, showed increased dielectric relaxation strength and all of 

them exhibited clear relaxation process which, moreover, was shifter to lower 

frequencies, where the interfacial polarization significantly influencing to high 

ER effects occurs (Fig. 21). The carbonization was thus confirmed as an 

excellent tool in a preparation of electrically polarizable particles for ER fluids. 

These ER fluids based on carbonized aniline oligomers prepared in the presence 

of 0.1 M and 2 M NH4OH were further used for investigation of the temperature 

influence on the ER effect (Paper III – Temperature-dependent 

electrorheological effect and its description with respect to dielectric spectra). 

The ER effect of these fluids was investigated in the range 25–65°C and was 

analyzed together with the results from dielectric spectroscopy of the ER fluids 

As it implies from Fig. 18, as the dispersed phase particles with very various 

sizes were thus investigated. 
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Fig. 20. (a) Real part, ′, and (b) imaginary part, ′′, of complex permittivity 

dependence on frequency, f, for ER fluids based on aniline oligomers prepared in 

various concentrations of NH4OH. 

 

Fig 21. (a) Real part, ′, and (b) imaginary part, ′′, of complex permittivity 

dependence on frequency, f, for ER fluids based on carbonized aniline oligomers 

prepared in various concentrations of NH4OH. 

 

For both ER fluids the ER effect increased with increasing temperature (Fig. 22) 

and, in addition, their viscosity in the absence of an external electric field 

decreases which fits well with the theory. The increment in the ER effect is 

commonly attributed to enhanced dielectric and electric properties. The 

dielectric spectra of these ER fluids were investigated in the temperature range 

25–65°C since it is assumed that the dielectric parameters play an important role 

determining the ER effect. In the literature [70] it can be found that the dielectric 
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relaxation strength increases with the increasing temperature and it is 

accompanied also with shift of the trel to higher frequencies (the trel can be found 

shorter). Although both prepared ER fluids exhibited increased ER effects, their 

dielectric spectra showed different temperature dependence (Fig. 23,24). In the 

case of the ER fluids based on particles prepared in the presence of 2 M NH4OH 

(bigger particles), the ∆𝜀′ increases with an increase in temperature, however, in 

the case of the second ER fluid (based on significantly smaller particles), ∆𝜀′ 

decreased. This is caused due to disturbances made by Brownian motion. 

Therefore, the increased of ER effect has to be connected with the shift of the 

trel, which is accompanied with the conductivity of the system, instead of purely 

with the ∆𝜀′, as it was often used in the literature [26]. 

 

Fig. 22. The log-log dependence of the shear stress on the shear rate for ER fluids 

based on aniline oligomers prepared in the presence of (a) 0.1 M and (b) 0.2 M 

NH4OH in the absence of an external electric field (full symbols) and in the presence 

of an external electric field of strength 2 kV mm
–1

.  
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Fig. 23. (a) Real and (b) imaginary part of complex permittivity of the ER fluids based 

on aniline oligomers prepared in the presence of 0.1 M NH4OH at various 

temperatures. 

 

Fig. 24. (a) Real and (b) imaginary part of complex permittivity of the ER fluids based 

on aniline oligomers prepared in the presence of 2 M NH4OH at various temperatures. 

As another suitable material for electrorheology, the p-phenylenediamine 

oligomers were prepared, their conductivity was controlled via doping process, 

and, further, they were suspended in silicone oil in order to create novel ER 

fluids. These results are summarized in Paper IV – The observation of a 

conductivity threshold on the electrorheological effect of p-phenylenediamine 

oxidized with p-benzoquinone. The p-phenylenediamine was oxidized with p-

benzoquinone in the presence of methanesulfonic acid solution of various 

concentrations. This approach led to a preparation of 2,5-(di-p-

phenylenediamine)-1,4-benzoquinone trimmers with various conductivities 

depending on the concentration of MSA, which served as a dopant. In this 

manner chemically equivalent particles were obtained and the role of their 
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conductivities (determined through the amount of adsorbed ions) on the ER 

effect could be directly investigated. It has been found that with increasing 

amount of MSA acid presented during the synthesis the conductivity of the p-

phenylenediamine oligomers increases, which led to an increase in ER effect 

(Fig. 25). 

 

Fig. 25. The plot of shear stress values obtained at shear rate 0.15 s
–1

 vs electric field 

strength for ER fluids based on 2,5-(di-p-phenylenediamine)-1,4-benzoquinone 

trimmers prepared at various concentrations of MSA. 

A nonlinear dependence between the yield stress and the conductivity of the 

particles, however, has been found (Fig. 26). Thus, the relationship between the 

conductivity of the particles and ER effects of their ER fluids is not 

proportional. It can be said that once the internal chain-like structures are 

organized, the further increment in the yield stress is not linearly proportional to 

the change of conductivity. Furthermore, even though the same values of ∆𝜀′ 

were found for the ER fluids based on the particles prepared in the presence of 

0.1 and 0.2 M MSA, their ER effects were significantly different. However, 

these two fluids exhibited different trel when the latter possessed the shorter one 

(Fig. 27). This conclusion supports an idea that relaxation time is much more 

significant parameter for predicting ER effect than the dielectric relaxation 

strength. 
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Fig. 26. The plot of shear stress values obtained at a shear rate of 0.15 s
–1

 vs. 

concentration of MSA presented during the synthesis of 2,5-(di-p-phenylenediamine)-

1,4-benzoquinone trimmers for their 10 wt% ER fluids. The inset depicts shear stress 

values (Pa) obtained at a shear rate of 0.15 s
–1

, vs. conductivity of the suspended 

particles. 

 

 
Fig. 27. Real and imaginary part of complex permittivity of the ER fluids based on 2,5-

(di-p-phenylenediamine)-1,4-benzoquinone trimmers prepared at various 

concentrations of MSA. 
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4. THE THESIS CONTRIBUTION TO THE 

SCIENCE 

Electrorheological fluids are well-known for several decades since they were 

firstly recognized by Winslow [1]. Their broader utilization, however, is limited 

due to their low effectiveness described by the difference between rheological 

parameters in the absence and in the presence of an electric field. New 

composition of ER fluids has to be found to increase their applicability in some 

of proposed industrial applications. 

In the frame of this doctoral thesis, the aim was set to preparation of novel 

particle types which would be suitable for a use in ER suspensions. The chosen 

approach was to concentrate on carbonized particles of conducting polymers or 

their oligomers. The novel particles prepared by carbonization process exhibited 

increased ER effects together with enhanced ER efficiency. Thus the results 

showed the opportunity to prepare new materials which can be used as a 

dispersed phase in ER fluids, which are then closer to fulfill the demands on 

their properties. 

In addition, it was found that the role of trel in determining the ER effect is 

usually underestimated when compared to ∆𝜀′. In many scientific papers the 

major role of ∆𝜀′ is stressed, however, it was found that the values of trel should 

be rather considered to determine the ER effect. These findings should be 

investigated more deeply, and further it can significantly help to propose new 

ER materials, whose ER fluids would exhibit higher ER effects by not only 

considering the values of ∆𝜀′, but also trel.  
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LIST OF SYMBOLS AND ACRONYMS 
ER electrorheological 

MR magnetorheological 

PANI polyaniline 

PPy polypyrrole 

MSA methanesulfonic acid 

SF smart fluid 

 ̇ shear rate (s
–1

) 

y  yield stress (Pa) 

 shear viscosity (Pa s) 

s shear viscosity of a liquid medium (Pa s) 

pl plastic viscosity (Pa s) 

 particles volume fraction 

n Newtonian index 

t1, t2 time constants (s) 

∞  viscosity at high shear rates 

E electric field (kV mm
–1

) 

EL local electric field (kV mm
–1

) 

εp relative permittivity of dispersed particles 

εlm relative permittivity of a liquid medium 

trel  relaxation time (s) 

ε* complex permittivity 
 angular frequency (rad s

–1
) 

ε′s real permittivity part at zero frequency 

ε′∞ real permittivity part at infinite frequency 

∆ε′ dielectric relaxation strength 

ε′′ dielectric loss 

e electrorheological efficiency 

E  viscosity in the presence of an electric field 

0  viscosity in the absence of an electric field 
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A B S T R A C T

Particles of poly(p-phenylenediamine) were synthesized by the oxidation of p-phenylenedi-

amine with ammonium peroxydisulfate at two oxidation levels. They were carbonized at

200–800 �C in inert atmosphere and subsequently tested in electrorheological (ER) suspen-

sions. Scanning electron microscopy, Raman spectroscopy and thermogravimetric analysis

were used to characterize an influence of the carbonization on the molecular structure and

particles size and shape. Subsequently, ER suspensions were prepared by mixing polymer

particles and silicone oil. In order to determine an effect of carbonization on the ER behav-

iour, a number of rheological measurements under various external electric fields were car-

ried out. Dielectric spectroscopy was used for the evaluation of the influence of particles

carbonization on the ER performance of suspensions as well. Although the particles car-

bonized at 600 �C exhibited nearly the same ER effect as the original particles due to signif-

icantly higher specific surface area, the efficiency of ER performance was the highest for

original, i.e. non-carbonized particles. This is due to lower field-off viscosity in comparison

to ER fluids based on carbonized particles.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Conducting polymers find their use in many applications. Not

all of them, however, require high conductivity, and other

electrical, optical, or redox properties typical for conducting

polymers are exploited. Electrorheology belongs to the group

of applications, where the electrical polarizability is a decisive

property. An electrorheological (ER) effect is a phenomenon

which causes abrupt changes of the viscosity of ER fluids

upon the application of an electric field [1,2]. This reversible

change from the liquid to a solid-like state appears in a very

short time (within milliseconds) and is accompanied by a

distinct transition in rheological properties (viscosity, yield

stress or viscoelastic moduli) [3–7]. This performance is highly

desired by certain industrial fields, for example, in hydraulic

and robotic applications [8]. ER fluids can be used in electrical

clutches, torque transducers, dampers, etc. [9]. Nevertheless,

there are still some shortcomings that hinder broader utiliza-

tion of ER fluids in practice [10]. Many materials have been

investigated for their ER performance as the dispersed phase

with promising results. Unfortunately, they have not met all

requirements on the ER fluids from the application point of

view. Hao in his review [5] presents the most important prop-

erties that the proper ER fluid should have. Among these, a
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short response time of the system to the applied electric field,

high yield stress, low conductivity, high ER efficiency, low

field-off viscosity, and high stability belong [5,11].

Traditionally, an ER fluid is a two-phase system consisting

of insulating carrier liquid and semi-conducting dispersed

phase that can be either liquid or solid [5,12]. At the beginning

of the research in the area, many ER systems containing

water had been investigated. These suspensions were found

unsuitable due to the content of water causing device corro-

sion. In addition, evaporation can negatively influence the li-

quid to solid-like state transition in time [13] and ER

properties would be lost at elevated temperature. A substan-

tial effort has recently been focused on investigation of poly-

meric materials for ER systems. Previous investigations have

shown the possibility of utilization of conducting polymers

as the dispersed phase. In particular, polyaniline (PANI), poly-

pyrrole, poly(p-phenylene), poly(acene quionone) radicals,

and their derivatives and composites are of concern

[1,12,14–18]. These polymers display unique properties due

to the conjugated system of p-bonds and presence of charge

carriers that cause them to be electrically conducting. In

other words, this structure enables charge transfer and, con-

sequently, particle polarization in an electric field [5,13].

It is assumed that the interfacial polarization has a crucial

effect on the ER phenomenon [5], thus dielectric and electric

properties of particles are the dominant factors determining

the intensity of ER effect [10]. The dispersed particles start

to be polarized in electric field and their spatial distribution

changes from random to highly organized. This transition

leads to the creation of particle columns and chains oriented

in the electric field direction. As a result, the system with ori-

ented structure can withstand forces applied while the elec-

tric field is on [9,14].

Conducting polymers exposed to elevated temperature

have recently been investigated as a new class of materials

applicable in electrorheology [19–21]. They have been modi-

fied by heat treatment in air up to 300 �C [19,21,22]. This treat-

ment reduces conductivity of these polymers, the property

which often causes undesirable current drifts. The exposure

to temperatures �600 �C in inert atmosphere or in vacuum

converts them to nitrogen-containing carbons [20,23,24].

The fact that the morphology is retained during carbonization

belongs among interesting features of this process [23,25,26].

So far, attention has especially been paid to various PANI and

polypyrrole morphologies [27]. For example, PANI [20,23,28–

30] or polypyrrole [24] nanotubes/nanofibres were converted

to analogous one-dimensional carbons. The ER response of

carbonized conducting polymers, however, is still has to be

investigated.

The above approach can be extended to other polymers,

such as poly(p-phenylenediamine) (PpPDA). Trlica et al. [15]

focused on the ER response of different isomers of polypheny-

lenediamine, i.e. a PANI derivate, particles in silicone oil. In

this case, the best ER performance was achieved for the

poly(p-phenylenediamine) isomer. Therefore, PpPDA particles

were chosen as a reference material in the present study,

which investigates the influence of various temperatures of

PpPDA carbonization on its ER response. To evaluate the ER

response rheological measurements comprising steady-state

shear and oscillatory tests in the absence and in the presence

of electric field have been performed. Moreover, thermogravi-

metric analysis, Raman spectroscopy and scanning electron

spectroscopy were used to follow changes in the structure

of carbonized particles. Dielectric properties of the suspen-

sions were also investigated as the interfacial polarization is

assumed to be an important factor of the ER performance of

ER suspensions.

2. Experimental

2.1. Synthesis of PpPDA

PpPDA was prepared by the oxidation of 0.2 M p-phenylenedi-

amine (Fluka, Switzerland) with 0.25 M or 0.5 M ammonium

peroxydisulfate (APS) (Lach:Ner, Czech Republic) in 0.4 M

hydrochloric acid at room temperature. Next day, the precip-

itated oxidation product was separated by filtration, rinsed

with 0.4 M hydrochloric acid, then with acetone, and dried

at room temperature. In the case of PANI, the conductivity

of suspended particles is often too high for the use in ER sus-

pensions due to drifting currents and they have to be at least

partly deprotonated [31]. However, PpPDA prepared by Trlica

et al. [15] had conductivity 2.4 · 10�10 S cm�1 in the proton-

ated state, which is sufficiently low for the use in ER suspen-

sions. Therefore, the conductivity of prepared particles was

not further controlled.

2.2. Carbonization

Thermogravimetric analysis was used at first as an analytical

tool of PpPDA carbonization. This was performed in 50 cm3 -

min�1 nitrogen flow rate at a heating rate of 10 �C min�1 with

a TGA 7 Thermogravimetric Analyzer (Perkin Elmer, UK). A

comparative experiment in air was also done for comparison.

At preparative scale, 5 g portions of the polymer wereplaced

into an electric oven in nitrogen stream and the temperature

was increased at 20 �C min�1 to the target temperature. Then,

the heating was switched off and the sample was left to cool

down to room temperature still in nitrogen atmosphere.

2.3. Particles characterization

Measurement of specific surface area was carried out by

nitrogen adsorption using a Gemini VII 2390 Analyzer (Micro-

metrics, Morcross, USA) and average particle size of samples

was determined with dynamic light scattering in water (Zeta-

sizer, Malvern Instruments, UK).

2.4. Raman spectroscopy

Raman spectra excited with a HeNe 633 nm laser were col-

lected on an inVia Reflex Raman spectroscope (Renishaw,

UK). A research-grade DM LM microscope (Leica, Germany)

with an objective magnification·50 was used to focus the la-

ser beam on the sample placed on an X–Y motorized sample

stage. The scattered light was analyzed by the spectrograph

with holographic grating 1800 lines mm�1 for HeNe laser.

The dispersed light was registered by a Peltier-cooled CCD

detector (576 · 384 pixels).
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2.5. Preparation of ER suspensions

The PpPDA particles were ground in a ball mill Lab Wizz 320

(Laarmann, The Netherlands), sieved on sieves with pores

diameter of 45 lm, and dried in a vacuum oven at 60 �C for

24 h. The suspensions of particles in silicone oil (Lukosiol

M200, Chemical Works Kolı́n, Czech Republic, viscosity

gc = 200 mPa s, conductivity rc � 10�11 S cm�1) were prepared

in 6 vol% (10 wt%) concentration. Before each experiment,

the suspension was stirred with a glass stick for ca 5 min

and then sonicated for 1 min to insure homogeneous distri-

bution of particles within a suspension.

2.6. Electrorheological measurements

The rheological measurements were carried out using a rota-

tional rheometer Bohlin Gemini (Malvern Instruments, UK)

with a plate-plate geometry (a diameter 40 mm with a gap

of 0.5 mm between plates) at 2 �C. To determine the rheolog-

ical parameters of ER fluids, steady-state shear tests were per-

formed. Before each measurement step the suspensions were

sheared for 60 s at a shear rate of 20 s�1 to destroy residual

internal structures.

In order to determine viscoelastic behaviour of suspen-

sions, oscillatory tests were performed. Firstly, an amplitude

(dynamic strain) sweep test was done to determine the linear

viscoelastic region. Consequently, a frequency sweep test with

fixed strain (c = 0.0004 obtained from amplitude sweep test) in

this region within 0.1–1 Hz was carried out. External electric

field strengths within 0.5–3 kV mm�1 were generated by a DC

high-voltage source TREK 668B (TREK, USA). Prior to shearing

the ER fluid in applied field, there was a 60 s delay to provide

the particles time to build up the internal structures.

2.7. Dielectric measurements

An impedance analyzer Agilent 4524 (Agilent, Japan) was used

for the investigation of dielectric properties. The data were

collected in the frequency range 50–30 · 106 Hz. The data were

further fitted according to the Havriliak-Negami empirical

model [32]:

e� ¼ e01 þ
ðe00 � e01Þ

ð1þ ðix � trelÞaÞ
b

ð1Þ

where e* stands for complex permittivity, e 00 and e 01 are sta-

tic relative permittivity and theoretical relative permittivity at

infinite frequency, respectively. Their difference expresses the

dielectric relaxation strength, De 0. Parameter x represents

angular frequency, srel is the relaxation time, and a and b are

shape parameters. Last two parameters enable to fit asymmet-

ric relaxation peaks; the former one describing the width of

the relaxation peak and the latter its asymmetry [32].

3. Results and discussion

3.1. Preparation of PpPDA

The oxidation of aniline in acidic aqueous media yields PANI.

It may be proposed that a similar reaction performed with p-

phenylenediamine would lead to a PANI-like structure

(Fig. 1a). The involvement of both amine groups could pro-

duce a ‘‘polyphenazine’’ ladder-like polymer, which can be re-

garded as being composed of two entwined PANI chains

(Fig. 1b). The real situation is probably more complex and

can involve the branching of chains at free amino groups, var-

ious oxidation states simulating the leucoemeraldine–emer-

aldine–pernigraniline transitions, possible involvement of

oxygen-containing quinonoid groups, etc.

As the starting structure is not exactly known, it would be

premature to speculate what happens after carbonization. For

PANI, however, the production of cross-linked phenazine-

containing structures has been proposed [23]. A similar struc-

ture of a nitrogen-containing carbon can probably be ex-

pected also in the present case.

3.2. Raman spectroscopy

To test the hypothesis concerning the molecular structure of

PpPDA obtained with two oxidation levels, with 0.25 and

0.5 M APS, and to check if the carbonization was successful,

the process was followed with Raman spectroscopy.

A Raman spectrum of PpPDA prepared with equimolar

amount of oxidant (in Fig. 2 labeled as 1·) is similar to the

spectrum of PpPDA observed by Sestrem et al. [33]. A shoulder

at about 1647 cm�1 belongs to the vibrations of phenazine-

and oxazine-like structures [34,35]. The peak at 1597 cm�1 is

attributed to the ring-stretching vibrations, that at

1520 cm�1 is connected with C@N stretching vibrations in

quinoneiminoid or phenazine-like units [36–38]. The another

one at 1455 cm�1 with a shoulder at 1413 cm�1 belongs to the

skeletal vibrations and to the oxidized phenazine-like struc-

ture [37]. Two bands located at 1320 and 1178 cm�1 were as-

signed to CAH bending on benzenoid or quinonoid ring

vibrations, respectively [38]. These bands were observed for

PpPDA but not for poly(o-phenylenediamine) [33]. The peak

at 577 cm�1 is attributed to the vibrations of phenazine-like

linkages [39]. Finally, weak peaks at 498, 519, 457 and

411 cm�1 are connected with skeletal deformations.

The spectrum of PpPDA prepared at doubled amount of

oxidant (in Fig. 2 labelled as 2·) is not as clear as the previous

spectrum and the bands are broader. The shoulder at

1647 cm�1 is more pronounced, the shoulder at 1413 cm�1

developed into a strong band. Small peaks below 500 cm�1

are not observed. These changes may be connected with

higher ratio of phenazine-like structures (Fig. 1b) and due to

a

b

Fig. 1 – Idealized structure of PpPDA produced by the

oxidation of (a) one or (b) both amine groups in p-

phenylenediamine.
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the crosslinking. The bands connected with para-coupled

chains are still present in the spectrum. The spectrum thus

corresponds rather to a randomly linked and branched mate-

rial than to a perfect ladder-like structure presented in Fig. 1b

[40].

After heating to 200 �C (Fig. 2, 1· 200 �C and 2· 200 �C) a

broad band at 1394 cm�1 appears for both materials. This

band is connected with short oligomers of aniline, the struc-

tures potentially containing phenazine-like and benzoqui-

none structures [41]. This band becomes even stronger after

heating to 400 �C (Fig. 2,, 1· 400 �C and 2 ·400 �C). After heat-

ing to 600 �C or higher temperatures (Fig. 2, 1· or 2·, 600, 650,

and 800 �C), two broad bands located around 1570 and

1330 cm�1 are observed. These bands can be considered as

G-band (‘‘graphitic’’ band, stretching of any pair of sp2 car-

bons) and D-band (‘‘disorder’’ band, breathing of hexagonal

carbon rings activated by any defect included by a hetero-

atom), which are defined for graphitic material [42] and

proved to be applicable for a nitrogen-containing analogue.

The spectrum corresponds to the disordered nitrogen-con-

taining graphitic material [19].

3.3. Particles analysis

PpPDA has an irregular morphology (Fig. 3a, b), the particle

size being smaller when higher oxidant concentration had

been used. Its features are preserved after carbonization at

600 �C (Fig. 3c, d).

Further, results showed that the specific surface area of

the prepared particles increases with higher carbonization

temperature (Table 1). Moreover, dynamic light scattering re-

sults showed that fraction of particles with size lower than

0.7 microns increases with higher carbonization temperature

Fig. 3 – Scanning electron micrographs of original samples prepared by oxidation of 0.2 M p-phenylenediamine with 0.25 (a)

or 0.5 M (b) APS, and the same samples after carbonization at 600 �C in nitrogen atmosphere (c, d).

Fig. 2 – Raman spectra of PpPDA prepared by oxidation of

0.2 M p-phenylenediamine with 0.25 (1·) or 0.5 M (2·) APS as

prepared and after heating to various temperatures in

nitrogen atmosphere.
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too. Therefore higher specific surface area of carbonized par-

ticles caused by structure decomposition under elevated tem-

peratures together with reduced average particle size leads to

higher field-off viscosity of their suspensions. The carboniza-

tion process also slightly increases density of prepared parti-

cles, which was determined by a pycnometer (Table 1).

3.4. Analytical carbonization: thermogravimetric analysis

The carbonization of PpPDA can be understood on the basis of

thermogravimetric analysis, which is its analytical equiva-

lent. As can be seen in Fig. 4, the PpPDA prepared at lower oxi-

dant-to-monomer mole ratio is more stable both in nitrogen

atmosphere (Fig. 4a) and in air (Fig. 4b). Carbonization in

nitrogen leaves 40–50 wt% residue at exposure to 800 �C
(Fig. 4a), while in air the samples are practically completely

decomposed (Fig. 4b). However, it can be found that the mod-

ification at temperatures below 300 �C, used sometimes in the

literature [19,21,22], leaves a sufficiently large residue similar

for both environments.

3.5. Electrorheology

After carbonization of PpPDA at various temperatures, sus-

pensions for ER measurements were prepared. However, par-

ticles carbonized at 650 and 800 �C were found not to be

suitable for the use in ER suspensions because of their exces-

sive conductivity that caused short circuits in the measuring

device. Therefore, these materials are not discussed below.

From synthesis of various types of PpPDA particles, those pre-

pared with a double amount of APS showed more interesting

ER responses in silicone oil suspensions and were analyzed in

more detail.

For ER fluids a low field-off viscosity is one of key demands

[11]. Therefore, this parameter was one of the important as-

pects in ER performance of the systems. Fig. 5 shows the

dependence of the field-off viscosity, g0, on the shear rate, _c.

The ER suspension of the original PpPDA particles, i.e. non-

carbonized, exhibits the lowest field-off viscosity. With

increasing carbonization temperature the field-off viscosity

significantly rises. Especially at low shear rates the viscosity

of investigated ER suspensions differs approximately by one

order of magnitude. This can be explained as the conse-

quence of higher specific surface area of the particles pre-

pared at higher carbonization temperatures and their

smaller size.

The generation of internal structures can be confirmed by

the examination of flow properties of ER fluids in the

presence of external electric field. Fig. 6a and Fig. 6b show

Fig. 4 – Thermogravimetric analysis of PpPDA, prepared by

oxidation of 0.2 M p-phenylenediamine with 0.25 (1·) or

0.5 M (2·) APS, in (a) nitrogen atmosphere and (b) in air.

Fig. 5 – Dependence of the field-off viscosity, g0, on the shear

rate, _c, for 6 vol% ER fluids based on PpPDA particles

carbonized under various temperatures in nitrogen

atmosphere.

Table 1 – – PpPDA particles characterization.

Carbonization
temperature (�C)

Specific surface
area (m2 g�1)

Density
(g cm�3)

Original 30.4 1.53
200 33.7 1.56
400 69.3 1.57
600 259 1.62
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rheological properties of ER fluids in the absence and in the

presence of electric field of 2 kV mm�1, respectively. A sub-

stantial increase in the shear stress reflecting the appearance

of chain-like structures upon the application of electric field

can be observed. This is caused by the formation of stiff inter-

nal structures within the system whose rupture occurs only

above a yield stress, s0 [9].

The highest yield stress is observed for the ER suspension

based on the original PpPDA particles. However, there is no

substantial difference in the ER effect between these particles

and those carbonized at 200 and 600 �C, while particles car-

bonized at 400 �C show the lowest response on the applied

electric field. This can be partially explained as the conse-

quence of conductivity of these particles. Rozlı́vková et al.

[25] worked with carbonized granular PANI and their mea-

surements revealed that electric conductivity increases for

particles carbonized at 600 �C. These particles had the con-

ductivity 1.2 · 10�8 S cm�1, while original PANI base conduc-

tivity was 1.7 · 10�10 S cm�1. Further, the particles exposed

to 200 or 400 �C had a similar conductivity as the original PANI

base or even lower by one order of magnitude, respectively.

Thus, the low conductivity of particles carbonized at 400 �C
could partially clarify the low ER effect. This can elucidate

the ER performance of investigated particles in electric field,

since PpPDA is a derivate of PANI, and thus similar behaviour

can be expected. However, too high conductivity of particles

can lead to shortcuts of the device in practical applications,

as already mentioned.

The ER efficiency, e, is another important factor in ER sys-

tems as it evaluates the behaviour change of the system in

the absence and in the presence of external electric field. It

can be calculated according to Eq. (2) [8,43]:

e ¼ gE � g0ð Þ
g0

ð2Þ

where gE is viscosity in the presence of the electric field

and g0 is field-off viscosity. Fig. 7 shows the dependence of

ER efficiency, e, on shear rate, _c. As can be seen, the highest

ER efficiency was achieved for suspensions based on original

PpPDA particles. However, the suspension based on particles

carbonized at 200 �C exhibited only slightly lower ER effi-

ciency. A substantially lower ER response can be observed

for suspensions based on particles carbonized at 400 and

600 �C, which is caused by the low ER effect and the high

field-off viscosity. At high shear rates, the differences in vari-

ous ER fluids are reduced due to the dominance of hydrody-

namic forces.

Even better description of these smart systems, in connec-

tion to applications, can be obtained from oscillatory tests

represented by dynamic loadings. These tests give a picture

of viscoelastic behaviour of the materials. Fig. 8 shows the

dependence of storage and viscous moduli on angular fre-

quency in the absence (a) and in the presence (b) of external

electric field. It is evident that the loss (viscous) modulus,

G 0 0, dominates over the storage (elastic) modulus, G 0, reflect-

ing the viscous behaviour of the suspensions based on origi-

nal particles and those carbonized at 200 �C. On the other

hand, the behaviour of suspensions composed of particles

carbonized at 400 and 600 �C is influenced by the specific sur-

Fig. 6 – The double-logarithmic plot of shear stress, s, in the absence (a) and in the presence of electric field strength of

2 kV mm�1 (b) on shear rate, _c. The meaning of symbols is the same as in Fig. 5.

Fig. 7 – Dependence of ER efficiency, e, (calculated from

viscosity at 0 and 2 kV mm�1) for ER fluids based on PpPDA

particles (carbonized under different temperatures in

nitrogen atmosphere) on shear rate, _c. The meaning of

symbols is the same as in Fig. 5.
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face area and the small average particle size, i.e. G 0 is prevail-

ing over G 0 0 already in the absence of electric field (Fig. 8a).

However, after the application of the electric field (Fig. 8b) G 0

increases more significantly than G 0 0 and its dominance is

apparent for all suspensions. This is connected with transi-

tion from the liquid to solid-like state caused by the forma-

tion of organized structure within the ER fluid. It can be

seen that the highest storage modulus was achieved for origi-

nal PpPDA particles.

3.6. Dielectric properties

It is assumed that interfacial polarization of particles plays a

dominant role in the ER performance. It was proposed [5] that

a good ER fluid should have its dielectric relaxation time be-

tween 102 and 105 Hz and the dielectric relaxation strength

should be large. Thus, dielectric properties were analysed

and Eq. (1) was applied for data evaluation. The obtained re-

sults are presented in Table 1.

Fig. 8 – Dependence of storage modulus (open symbols), G 0, and viscous modulus (solid symbols), G 0 0, on angular frequency, x,

in the absence (a) and in the presence of electric field strength of 2 kV mm�1 (b). The meaning of symbols is the same as in

Fig. 5.

Table 2 – Dielectric parameters obtained from Havriliak-Negami model.

Parameter Carbonization temperature [�C]

Original 200 400 600

e 00 4.06 4.07 4.35 4.63
e 01 3.10 3.05 3.00 2.03
De0 0.96 1.02 1.35 1.60
srel [s] 2.68 · 10�6 8.54 · 10�5 4.02 · 10�3 5.50 · 10�6

a 0.98 0.53 0.66 0.99
b 0.59 0.62 0.68 0.62

Fig. 9 – Dielectric spectra of relative permittivity (a) and dielectric loss factor (b) for ER fluids based on original particles, and

particles carbonized at 200, 400 and 600 �C.
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Zhao et al. [44] demonstrated that highly mesoporous

material with high specific surface area has positively influ-

enced the dielectric relaxation strength of ER suspension

based on this material, leading to the considerably high ER ef-

fect. In present study, the suspension based on particles car-

bonized at 600 �C (particles possess the highest specific

surface area) exhibits the highest dielectric relaxation

strength. Its ER effect, however, is comparable with the ER ef-

fect of suspensions based on original particles and particles

carbonized at 200 �C. This indicates that the relaxation time,

which is in this case similar for these three suspensions,

has the significant importance on the ER performance of sus-

pensions based on the PpPDA particles and its carbonized

analogues (Table 2).

This can be seen also in Fig. 9, which shows the depen-

dence of real, e 0, and imaginary, e 0 0, part of relative permittiv-

ity on the frequency, f. The relaxation time of the suspension

based on the particles carbonized at 400 �C is 4.02 · 10�3 s,

which means that it does not fulfil the above mentioned cri-

terion for sufficient ER performance.

4. Conclusion

Poly(p-phenylenediamine) particles were carbonized at differ-

ent temperatures in inert nitrogen atmosphere. Carboniza-

tion was followed by thermogravimetric analysis, which

showed the higher thermal stability of PpPDA particles pre-

pared by a lower amount of oxidant. The conversion to the

disordered nitrogen-containing carbon with increasing car-

bonization temperature was observed. Particles were subse-

quently used for the preparation of ER fluids which exhibit a

distinct ER performance. With increasing electric field

strength the ER response was higher. The highest ER effi-

ciency was observed for original, i.e. non-carbonized sample.

The ER efficiency decreased as the carbonization temperature

increased, i.e. carbonization of PpPDA particles had a negative

effect on ER behaviour in this case.
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[23] Trchová M, Konyushenko EN, Stejskal J, Kovářová J, Ćirić-
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h i g h l i g h t s

� Aniline oligomers were prepared via
the oxidation of aniline under alkaline
conditions at various concentrations
of ammonia.
� Carbonization process leads to the

transition of particles’ morphology
from microspheres to two-
dimensional plates.
� The electrorheological performance of

suspensions increased with the
carbonization of aniline oligomers
particles.
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a b s t r a c t

Aniline oligomers prepared via the oxidation of aniline under alkaline conditions at various concentra-
tions of ammonia were carbonized at 650 �C in inert atmosphere. Subsequently, the prepared particles
were mixed with silicone oil and the suspensions were used as electrorheological fluids. After the
carbonization, when the higher amount of ammonia was present during the synthesis, the transition
of morphology of the particles from microspheres to two-dimensional plates was observed. This transi-
tion led to a significant increase of viscosity of silicone-oil suspensions in the presence of external electric
field, while their field-off viscosity remained nearly unchanged. Thus, the carbonization had the desired
effect on the treated particles leading to extremely high electrorheological efficiency of the suspensions
based on such particles. The highest electrorheological efficiency was achieved for the suspension based
on carbonized particles prepared in 0.2 M ammonia. The dielectric spectroscopy was used as an evalua-
tive tool of electrorheological performance of suspensions, and data correspond well with the obtained
results from electrorheological experiments.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Electrorheological (ER) fluids are known as liquids altering their
rheological parameters by application of an external electric field.
Mostly, ER fluids are suspensions consisting of solid electrically
polarizable particles dispersed in insulating liquid. In the absence

of an external electric field, particles are randomly distributed
within the suspension. However, when an electric field is applied,
particles start to create highly organized structures due to the
interaction of induced dipoles. This formation of chains and
column-like structures spanning the gap between electrodes is
accompanied by an abrupt increase in viscoelastic moduli and vis-
cosity, and suspensions start to act as Bingham fluids because elec-
trostatic forces start to dominate over hydrodynamic ones. These
changes are completely reversible and fast (within milliseconds).
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1385-8947/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding author. Tel./fax: +42 57 603 1444.
E-mail address: msedlacik@ft.utb.cz (M. Sedlacik).

Chemical Engineering Journal 256 (2014) 398–406

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier .com/locate /ce j

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2014.07.010&domain=pdf
http://dx.doi.org/10.1016/j.cej.2014.07.010
mailto:msedlacik@ft.utb.cz
http://dx.doi.org/10.1016/j.cej.2014.07.010
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej


In the presence of an external electric field, particles are oriented
along the electric field direction thanks to dipole–dipole interac-
tion. This phenomenon is called the ER effect. It is assumed that
interfacial polarization and conductivity of the particles are domi-
nant factors on the ER performance of ER suspensions [1]. Thanks
to their unique properties, ER suspensions have been proposed
for many applications, mainly in hydraulics and robotics, e.g., as
dampers, clutches, torque transducers, in haptic masters for mini-
mally invasive surgery systems [2] or haptic displays [3]. Both
inorganic [4] and organic [5] materials have been used as a dis-
persed phase in ER suspensions. Also the composites consisting
of combination of inorganic and organic materials were introduced
[6,7]. The group of organic materials is particularly represented by
conducting polymers. Among them polyaniline (PANI) [8,9] and
polypyrrole [10] are of special interest. Polyaniline, as a material
for electrorheology, has been reported in many scientific papers
due to its easy and inexpensive synthesis [5,8,11–18]. Moreover,
aniline-like oligomers with tuneable conductivities prepared by
different reaction conditions or reaction substances have been
introduced [19–21].

Conducting polymers, such as PANI, are unique among poly-
mers in their ability to produce a variety of nanostructures
[22,23]. Conducting PANI is produced by the oxidation of aniline
with ammonium peroxydisulfate under acidic conditions. When
oxidation of aniline is started under alkaline conditions, non-
conducting aniline oligomers are produced as microspheres of sev-
eral micrometres in diameter [24]. Their molecular structure is
open to discussion but it is assumed that they are represented by
condensed aniline molecules including oxygen atoms resulting
from hydrolytic processes (Fig. 1). These are the objects of present
study.

In recent studies, conducting polymers have been exposed to
elevated temperature in inert atmosphere in order to obtain
carbonaceous nitrogen-enriched structures [25–30]. In some cases,
this treatment has positively influenced the ER performance of sus-
pensions based on these materials.

Morávková et al. [31] have prepared carbonized aniline oligo-
mers obtained by the oxidation of aniline under alkaline condi-
tions. After the carbonization, the transition of morphology from
microspheres into two-dimensional plates was observed. This phe-
nomenon has been explained as a consequence of a transition,
when the liquid content of the microspheres is rejected outside
the microspheres above 200 �C and self-assembles into plates. In
electrorheology, closely related aniline-like oligomers have been
studied by Mrlik et al. [20]; however, there is no mention about
their carbonized analogues.

Yin et al. [32] have introduced an ER suspension based on
graphene-supported carbonaceous sheets, which has shown signif-
icantly higher increase in viscosity in the presence of the external
electric field in comparison with carbonized PANI particles, which
possess globular shape. However, there is a lack of studies which
would describe ER behavior of two-dimensional carbonaceous
enriched plates. Therefore, this study deals with aniline oligomers
prepared under alkaline conditions and their subsequent

carbonization at 650 �C, which lead in some cases to creation of
two-dimensional plates.

2. Experimental

2.1. Synthesis of aniline oligomers

Aniline (0.2 M; Sigma Aldrich) was oxidized with ammonium
peroxydisulfate (0.2 M; Lach:Ner, Czech Republic) in the aqueous
solutions of 0.1, 0.2, 0.5, 1 and 2 M ammonium hydroxide (NH4OH;
Lach:Ner, Czech Republic) or in water at room temperature. Solu-
tions of the monomer and the oxidant in water were mixed at
room temperature to start the oxidation. So-prepared particles
are labelled as 0.1, 0.2, 0.5, 1, or 2 M regarding the amount NH4OH
presented during their synthesis. After the end of polymerization,
the solids were collected on a filter after 2 h, rinsed with water,
dried in air and then over the silica gel in a desiccator. A part of
products deposited on silicon windows or in solid state was con-
verted to bases by overnight immersion in 1 M NH4OH, followed
by separation and drying.

2.2. Carbonization

The carbonization of PANI base exposed up to 800 �C in air and
in nitrogen atmosphere has been studied [33,34]. According to the
Raman spectra it was found that G and D bands characteristic for
carbon-like structure (representing the graphitic and disordered
modes of carbon) are well developed after PANI exposition at
650 �C in inert atmosphere. Therefore, the second set of the sam-
ples was prepared by an exposure of the particles to the tempera-
ture 650 �C in nitrogen. When the temperature was reached, the
oven was switched off and the particles were left to cool to room
temperature. These samples are further labelled as carbonized par-
ticles prepared in 0.1 M, 0.2 M, 0.5 M, 1 M or 2 M NH4OH solution.

2.3. Characterization

The course of oxidation was monitored by acidity changes
recorded with a pH-meter. The morphology and dimensions of
the particles were investigated using scanning electron microscopy
(SEM; VEGA II LMU, Tescan, Czech Republic). UV–Vis spectra of the
oxidation products dissolved in N-methylpyrrolidone (Sigma
Aldrich) were collected with a Lambda 20 spectrometer (Perkin
Elmer, UK). Infrared spectra in the range of 400–4000 cm�1 were
recorded at 64 scans per spectrum at 2 cm�1 resolution using a
Thermo Nicolet NEXUS 870 FTIR Spectrometer with a DTGS TEC
detector. Samples were dispersed in potassium bromide and com-
pressed into pellets. Raman spectra excited in the visible range
with a HeNe 633 nm laser were collected on a Renishaw inVia
Reflex Raman microspectrometer. The scattered light was analyzed
by the spectrograph with a holographic grating (1800 lines mm�1).
A Peltier-cooled CCD detector (578 � 385 pixels) registered the
dispersed light. The conductivity of the original samples was mea-
sured by van der Pauw method using Electrometer Keithley 6517B
(USA). The particles were pressed into the pellets of 13 mm diam-
eter at pressure 15 MPa. Carbonized samples could not be pressed
into pellets, thus their conductivity was not determined.

2.4. Preparation of suspensions

Experiments were performed with a fraction of samples
grounded using a ball mill Lab Wizz 320 (Laarmann, The
Netherlands), and sieved on a sieve with mesh diameter of
45 lm. Powders were mixed with silicone oil (Lukosiol M200,
Chemical Works Kolin, Czech Republic, viscosity gc = 194 mPa s,

NH2

N

O

NH

NHNH2

oxidation

Fig. 1. A possible structure of aniline oligomers.
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conductivity rc � 10�11 S cm�1) in a ratio 1:9 (w/w). Before each
experiment, the suspension was manually stirred for ca 5 min
and then sonicated with a UZ Sonoplus HD 2070 kit (BANDELIN
Electronic, Germany) for 1 min to assure homogeneous distribu-
tion of particles within the suspension.

2.5. Electrorheological experiments

Rheological behavior of prepared suspensions in the absence
and in the presence of electric field was investigated using a rota-
tional rheometer Bohlin Gemini (Malvern Instruments, UK) with
parallel plate geometry (a diameter 40 mm with a gap of 0.5 mm
between plates) at 25 �C. Electric fields of strength within 0.5–
3 kV mm�1 were generated by a DC high-voltage source TREK
668B (TREK, USA).The rheological measurements have been carried
out in steady shear and oscillatory shear modes. Steady shear tests
were performed at shear rate range 0.1–300 s�1. In the case of
oscillatory tests, firstly, an amplitude (dynamic strain) sweep test
was performed to determine the linear viscoelastic region (LVR).
Subsequently, frequency sweep tests with fixed strain from LVR
within 0.1–1 Hz were carried out. Before each measurement, the
suspensions were sheared for 60 s at a shear rate of 20 s�1 to
destroy any residual internal structures. Prior to shearing the ER
fluid in applied field, there was a 60 s delay to provide the time
to build up the internal structures.

2.6. Dielectric measurements

An impedance analyzer Agilent 4524 (Agilent, Japan) together
with a liquid test fixture Agilent 16452A were used for the inves-
tigation of dielectric properties. The data was collected in the fre-
quency range 50–30 � 106 Hz and fitted with Havriliak–Negami
empirical model [35]:

e� ¼ e01 þ
ðe00 � e01Þ

ð1þ ðix trelÞaÞ
b

ð1Þ

where e⁄ stands for complex permittivity. The difference of static
relative permittivity, e00, and theoretical relative permittivity at infi-
nite frequency, e01, is called dielectric relaxation strength, De0.
Parameter, x, represents angular frequency, trel, is the relaxation
time, and, a, and, b, are shape-dependent parameters. The last two
parameters enable to fit asymmetric relaxation peaks. The parame-
ter, a, determines the width of the relaxation peak and the param-
eter, b, its asymmetry [35].

3. Results and discussion

3.1. Formation of oligoaniline microspheres in alkaline media

When the oxidation of aniline starts in an alkaline medium, the
reaction is fast and exothermic and, consequently, the temperature
increases during the reaction. Two hydrogen atoms are abstracted
from each aniline molecule during their oxidative coupling, and
they are released as protons; thus, the pH of the reaction mixture
decreases (Fig. 2) [24].

The oxidation of 0.2 M aniline with 0.2 M ammonium peroxydi-
sulfate gradually generates 0.2 M sulfuric acid. The acid is partly
neutralized by aniline or reaction intermediates containing pri-
mary amino groups, and especially with NH4OH which is the stron-
gest base in the system. At its 0.1 M concentration, NH4OH
becomes completely neutralized, and the pH drops to acidic values
(Fig. 2). The formation of polyaniline thus becomes possible in the
advanced stages of oxidation. The 0.5 and 1 M NH4OH was suffi-
cient to maintain the reaction alkaline throughout the oxidation.

3.2. UV–visible spectra

UV–Vis spectra of aniline oligomers prepared in 0.5 and 1 M
NH4OH display a local maximum at 348 nm and a characteristic
long tail extending to longer wavelengths (Fig. 3). The absorption
band of PANI (emeraldine) base having the maximum above
600 nm is absent in aniline oligomers. This result confirms that
the products prepared at low NH4OH concentration, i.e. 0.1 and
0.2 M, contain a fraction of PANI in addition to aniline oligomers.
The absorption maximum appears in the case of oxidation in
0.2 M NH4OH and in water, when the pH drops to acidic values
and the formation of polyaniline (emeraldine) becomes possible
(Fig. 3).

3.3. FTIR spectra

In the infrared spectra of samples prepared in 0.2, 0.5, and 1.0 M
NH4OH (Fig. 4), the bands due to quinonoid and benzenoid
ring-stretching vibrations are situated at 1581 and 1503 cm�1. A
shoulder observed at about 1630 cm�1 corresponds most probably
to N–H scissoring vibrations of aromatic amines or to the presence
of phenazine units. The contribution of benzoquinones is possible.
The sharp band at 1445 cm�1 is attributed to the skeletal C–C
stretching vibration of the substituted aromatic ring [36]. The
broad band in the 1300–1230 cm�1 region indicates the presence
of the C–N stretching vibration of a primary aromatic amine, which
confirms the oligomeric nature of the oxidation products. The band
at about 1035 cm�1 is assigned to the symmetric stretching vibra-
tions in sulfonic groups linked by covalent bonds to the benzene

Fig. 2. pH profiles during the oxidation of 0.2 M aniline with 0.2 M ammonium
peroxydisulfate in 0.1, 0.5, and 1.0 M NH4OH.

Fig. 3. UV–Vis spectra of the powders obtained by the oxidation of aniline in water
and in 0.2, 0.5, and 1.0 M NH4OH, and dissolved in N-methylpyrrolidone.
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ring. A prominent band at 824 cm�1 in the substitution region
900–650 cm�1 in the spectrum of the PANI base is due to the C–
H out-of-plane bending vibrations of dominating para-coupled
constitutional units. The bands at 746 and 691 cm�1 correspond
to the C–H out-of-plane bending and out-of-plane ring deforma-
tions of a mono-substituted phenylene ring, respectively [24,36].
The spectrum of the oligomers displays bands at 3440 and
3324 cm�1 of asymmetric and symmetric free N–H stretching
vibrations, supporting the contribution of the N–H scissoring
vibration. The peaks at 3266 and 3195 cm�1 corresponding to the
hydrogen-bonded N–H vibrations are detected in the spectrum of
aniline oligomers. They are connected with hydrogen bonding of
N–H groups with sulfonic or carbonyl groups [24]. The infrared
spectra of samples prepared in 0.1 M NH4OH and in water display
a broad absorption band at wavenumbers higher than 2000 cm�1,
an increased absorption of the bands at 1300 and 1238 cm�1, and
a broad band centred at 1144 cm�1, which are characteristic of
the conducting protonated form of polyaniline [36].

3.4. Morphology

Fig. 5 shows images of prepared particles obtained by the
scanning electron microscopy. It can be seen that, regardless of
the concentration of NH4OH during the synthesis of aniline oligo-
mers, the original particles are all spherical or rather irregular.
Their dimensions slightly increase with the increasing concentra-
tion of NH4OH present during the synthesis. After the carboniza-
tion at 650 �C, the particles produced in the presence of the
lowest amount of NH4OH (0.1 M) became slightly smaller and pos-
sessing much rougher surface than their original analogues (Fig. 5a
and d). It may be connected with the presence of a thin PANI layer
on its surface. However, increasing concentration of NH4OH led to
a considerable increase of dimensions of carbonized particles and
creation of two-dimensional plates (Fig. 5d–f). It has been
described by the group of Stejskal and coworkers [31] that proba-
bly those particles arose from larger plates which were sintered
together and that broke down during the cooling from the melt
to ambient temperature. Also on their surface higher aniline oligo-
mers are produced during synthesis instead of PANI layer.

3.5. Spectroscopic evidence of carbonization

Raman spectroscopy is a useful tool in the structural character-
ization of graphitic materials [37]. The Raman spectra of the
samples prepared in 0.2 M and 1.0 M NH4OH obtained with
633 nm excitation line exhibit a strong fluorescence on which

one can distinguish the dominant peak of C@C stretching vibration
in quinonoid units situated at about 1600 cm�1 with a shoulder at
about 1626 cm�1, and the peaks at 1543, 1368, 1340, 1150 and
616 cm�1 in the spectrum of sample prepared in 0.2 M NH4OH
(Fig. 6a). They are slightly shifted to 1529, 1350, 1155, and
614 cm�1 in the spectrum of the sample prepared in 1.0 M NH4OH
(Fig. 6b) with respect to former sample, which contains a thin over-
layer of PANI on particle surface. The spectra have recently been
interpreted in [31,38].

After heating to 650 �C in inert atmosphere Raman spectra con-
firm the conversion of the aniline-like oligomers to graphite-like
carbon displaying two typical peaks located at about 1600 and
1340 cm�1 that are assigned to graphitic (G) and disordered (D)
modes, respectively [25,37].

3.6. Electrorheological behavior

As it has been shown in previous studies [26,27], suspensions
based on carbonized materials usually possess a higher viscosity
in the absence of electric field than the suspensions based on the
original samples. This was a result of smaller particles size or
higher porosity of carbonized particles leading to much higher spe-
cific surface area. Therefore, in this study, a field-off viscosity was
also investigated, since low field-off viscosity is one of the crucial
parameters for ER suspensions from the application point of view.

Fig. 7 shows the dependence of field-off viscosity on the shear
rate for silicone oil suspensions based on (a) original and (b) car-
bonized particles. As it was mentioned above, with increase of
NH4OH presented during the synthesis the dimensions of particles
undergoing the transformation into two-dimensional plates
increased after carbonization; and thus as a consequence, except
the carbonized sample prepared in 0.1 M NH4OH solution, the
field-off viscosity of suspensions based on carbonized particles
was not significantly increased in comparison with field-off viscos-
ity of suspensions based on original samples. The thin PANI layer
on their surface transformed into cross-linked two-dimensional
molecular structures [33,39]. Only in the case of the suspension
based on carbonized sample prepared in 0.1 M NH4OH solution,
the particles became smaller after the carbonization. As a result,

Fig. 4. Infrared spectra of the powders obtained by the oxidation of 0.2 M aniline
with 0.2 M ammonium peroxydisulfate in 0.1, 0.2, 0.5, and 1 M NH4OH and in
water.

Fig. 5. SEM images of original samples prepared in (a) 0.1 M, (b) 0.2 M, and (c)
2.0 M NH4OH and (d–f) their carbonized analogues after treatment at 650 �C.

T. Plachy et al. / Chemical Engineering Journal 256 (2014) 398–406 401



the suspension based on these particles possesses higher field-off
viscosity than its original analogue.

The carbonization process significantly increased ER effect of
suspensions based on such particles as illustrated on the rheolog-
ical behavior of the suspensions in steady shear flow upon the

application of electric field (Fig. 8). In the case of the suspension
based on original particles prepared in 0.1 M NH4OH solution the
results are not included in the plot, owing to high conductivity
(Table 1) of this suspension which caused short-circuit of the
measuring apparatus. This is connected with the presence of

Fig. 6. Raman spectra of the powders obtained by the oxidation of 0.2 M aniline with 0.2 M ammonium peroxydisulfate in (a) 0.2 M and (b) 1 M NH4OH and their carbonized
analogues.

Fig. 7. The dependence of shear viscosity, g0, on the shear rate, _c in the absence of the electric field for suspensions based on (a) original and (b) carbonized aniline oligomers
prepared at various concentrations of NH4OH.

Fig. 8. The dependence of shear stress, s, on the shear rate, _c, for suspensions based on (a) original and (b) carbonized aniline oligomers prepared in various concentrations of
NH4OH at electric field strength 3 kV mm�1.
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conducting PANI layer on the particle surfaces. As can be seen, the
carbonization process and the transformation of particles into two-
dimensional plates considerably increased ER performance of the
suspensions. Suspensions based on carbonized particles prepared
in 0.1 M and 0.2 M NH4OH solution exhibit the highest ER effect.
The yield stresses of these suspensions are around 200 Pa, which
is comparable with some of the magnetorheological suspensions
[40].

The aniline oligomers were completely de-doped in the pres-
ence of 0.5 M and higher concentration of NH4OH solution, which
can elucidate the very close conductivity of particles prepared in
0.5 M, 1 M and 2 M NH4OH solution (Table 1). The increased ER
effect of suspension based on particles prepared in 2 M NH4OH
solution in comparison with suspensions based on particles pre-
pared in 1 M and 0.5 M NH4OH solution can be explained as the
result of higher amount of nitrogen in the structure of the particles
as a result of higher amount of nitrogen presented during the par-
ticles synthesis. Introduction of polar groups leads to a creation of
stiffer structures due to the creation of stronger local electric field
as it has been demonstrated [41]. The suspension based on parti-
cles prepared in 0.2 M NH4OH solution, which possess the conduc-
tivity higher by more than one order of magnitude than the above
mentioned samples due to the presence of PANI on the surface,
exhibits the highest increase in shear stress in the presence of elec-
tric field from the original samples. The suspension based on the
original sample prepared in 0.5 M NH4OH solution exhibits the
lowest ER effect. It also shows the typical decrease in shear stress
at low shear rates for an ER fluid with a small ER effect, which has
been previously commented in the literature [42,43]. Such behav-
ior is caused by breaking of internal structures together with their
difficult reformation under the shear flow.

Large difference between viscosity in the presence and in the
absence of the electric field is of high importance from the applica-
tion point of view. This difference can be expressed by the formula:

e ¼ ðgE � g0Þ=g0 ð2Þ

where the parameter e stands for electrorheological efficiency, and
gE and g0 are the viscosities in the presence and in the absence of an
electric field, respectively. In this study, the carbonization is very
promising process in the preparation of new electrically polarizable
particles for the ER suspensions with high ER efficiency, since above
the amount of 0.1 M NH4OH present during the synthesis, the car-
bonization did not negatively affect the viscosity in the absence of
electric field and, at the same time, it led to the increase of viscosity
upon the application of electric field. Fig. 9 shows the dependence
of ER efficiency on the shear rate for the suspensions based on car-
bonized particles. The suspension based on carbonized particles
prepared in 0.2 M NH4OH solution exhibits the highest ER efficiency
in the whole shear-rate range thanks to the lowest field-off viscos-
ity and highest ER effect. Although the suspension based on the car-
bonized particles prepared in 0.1 M NH4OH solution exhibits the
highest field-off viscosity, its ER efficiency is still higher than that
of the rest of the prepared suspensions, because those exhibit lower
ER effect leading to lower ER efficiency. It can be also seen, that ER
efficiency is significantly higher at low shear rates compared to high
shear rates, since at low shear rates, the hydrodynamic forces are

low and a domination of electrostatic forces leads to high ER effi-
ciency. However, with increasing shear rates the hydrodynamic
forces increase, while electrostatic forces stay the same; thus, the
hydrodynamic forces start to dominate at high shear rates (the vis-
cosity of the ER suspension starts to be the same regardless whether
an electric field is applied or not).

From the application point of view, the rheological behavior of
ER suspensions under dynamic oscillatory loading is of high inter-
est. Therefore, oscillatory tests at single strain from LVR (c = 10�4)
were carried out. The results are shown only for the suspensions
based on carbonized samples, since their ER effect is of higher
interest in comparison with their original analogues. In the
absence of the electric field (Fig. 10a), the elastic modulus of the
suspensions is low, which demonstrates only small portion of elas-
tic behavior. However, when the electric field of strength
3 kV mm�1 is applied, the particles start to join together thanks
to electrostatic forces and span the electrodes. This leads to steep
increase by several orders of magnitude in the elastic modulus
(Fig. 10b) approving the transition to significantly more solid state.
Unlike the steady shear tests, the highest storage modulus is
achieved for the suspension based on carbonized particles pre-
pared in 0.2 M NH4OH solution. The storage modulus is signifi-
cantly higher than that achieved for suspension based on
carbonized particles prepared in 0.1 M NH4OH solution, i.e. those
particles with the highest ER activity in steady shear experiments.
This can be explained as a consequence of shorter relaxation time
of the suspension based on carbonized particles prepared in 0.2 M
NH4OH solution and smaller particles of suspension based on car-
bonized particles prepared in 0.1 M NH4OH solution. It seems that,
under dynamic oscillation loading, the structures created by smal-
ler particles (sample 0.1 M) do not exhibit as high toughness as the
structures created by two-dimensional plates. From comparison of
elastic modulus of suspensions based on carbonized particles pre-
pared in 0.1 M and 2 M NH4OH solution, whose relaxation times
are the same (Table 2), it seems that in oscillatory measurements
the contribution of larger particles to stronger ER effect is more
considerable than in steady-shear mode. This is again a conse-
quence of the carbonized PANI on their surface. Thus, it can be
assumed that in the dynamic loading the increase in storage mod-
ulus upon an application of electric field is rather dependent on the
relaxation time and the dimensions of the particles than on the
dielectric relaxation strength. Similar behavior was observed in
the previous study [26].

Table 1
The conductivity of original particles.

Sample Conductivity, r, [S cm�1]

0.1 M 1.58 � 10�5

0.2 M 9.90 � 10�8

0.5 M 6.07 � 10�9

1 M 7.06 � 10�9

2 M 5.82 � 10�9

Fig. 9. The dependence of ER efficiency, e, on the shear rate, _c, for suspensions
based on carbonized aniline oligomers prepared at various concentrations of
NH4OH.
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This can be also seen in Fig. 11, which depicts the ER efficiency
for suspensions based on carbonized particles in an oscillation
mode, eO:

eO ¼ ðG0E � G00Þ=G00 ð3Þ

where G0E stands for elastic modulus in the presence of electric field
of strength 3 kV mm�1, and G00 stands for elastic modulus in the
absence of electric field. The efficiency is again the highest for the
suspension based on carbonized particles prepared in 0.2 M NH4OH
solution. Although the ER efficiency of the suspension based on

carbonized particles prepared in 0.2 M NH4OH solution was the sec-
ond highest in steady shear experiments; under dynamic oscillatory
loading it is similar as for the suspensions based on two-dimen-
sional carbonized particles prepared in 0.5 M, 1 M and 2 M NH4OH
solution, which possess significantly higher dimensions than car-
bonized particles prepared in 0.1 M NH4OH solution. (The role of
PANI layers on the first particles may be of more importance than
their dimensions, or the smaller dimension is a consequence of
the PANI on the surface). In other words, the increase in the storage
modulus upon the application of external electric field is not so high
in the case of smaller particles as in the system composed of signif-
icantly bigger particles, in this case of two-dimensional plates.

3.7. Dielectric properties

The ER effect is closely linked to dielectric properties of ER sus-
pensions, since it is assumed that the interfacial polarization of the
ER suspension plays one of the dominant roles in their ER perfor-
mance. The interfacial polarization occurs in the frequency region
102–105 Hz. Therefore, the relaxation time should lie within this
frequency range and the dielectric relaxation strength should be
large in this region for high ER effect. Preferably, the relaxation
time should be closer to the upper limit of this region. The complex
study of dielectric behavior of aniline-based oligomers prepared in
the presence of methanesulfonic acid has been introduced by Mrlik
et al. [44].

Figs. 12 and 13 show the dependence of real and imaginary part
of the complex permittivity on the frequency for suspensions
based on original and carbonized particles, respectively.

In rheological measurements, the suspension based on particles
prepared in 0.1 M NH4OH could be measured only in electric field
up to 0.5 kV mm�1. The dielectric data obtained for this suspension
declare too high electric conductivity of the particles, since the
result shows clear electrode polarization, which occurs in highly
conducting suspensions. The peak in range of higher frequencies
(Fig. 13b) corresponds then to its relaxation process. Fig. 12a also
shows that suspensions based on original particles do not exhibit
clear relaxation in the desired frequency region which corresponds
well with ER measurements and low intensity of ER effect. The sus-
pension based on particles prepared in 0.2 M NH4OH solution
exhibited the highest ER effect among the original samples. How-
ever, it also does not show clear relaxation within the desired fre-
quency. These problems are connected with the conducting PANI
present on the surface of these particles. The wide peak of the sus-
pension based on particles prepared in 0.2 M NH4OH reflects the

Fig. 10. The dependence of the elastic modulus, G0 , on the angular frequency, x, (a) in the absence of electric field, and (b) in the presence of electric field of strength
3 kV mm�1for the prepared ER suspensions based on carbonized oligomers.

Table 2
Dielectric parameters of ER suspensions based on carbonized aniline oligomers
obtained from Havriliak–Negami model.

Parameter Sample suspension

0.1 M 0.2 M 0.5 M 1 M 2 M

e00 4.72 4.12 3.66 3.85 4.01
e01 2.92 2.94 2.94 2.96 2.94
De0 1.80 1.18 0.72 0.89 1.07
trel [s] 1.9 � 10�4 5.6 � 10�5 1.8 � 10�3 1.8 � 10�3 1.2 � 10�4

a 0.71 0.77 0.60 0.44 0.35
b 0.82 0.76 0.73 1.13 1.67

Fig. 11. The dependence of ER efficiency calculated from elastic modulus in the
presence of electric field of strength 3 kV mm�1, G0E, and elastic modulus in the
absence of electric field, G00, on the angular frequency, x, for suspensions based on
carbonized aniline oligomers.
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broad spectrum of the particles with different relaxation times;
and in the low frequencies the measured data are influenced by
electrode polarization. This suspension exhibits the ER effect; how-
ever in comparison with carbonized samples, its effect is nearly
two times lower. The suspensions based on particles prepared in
0.5 M, 1 M and 2 M NH4OH solution show absolutely no relaxation
in the measured region. These particles were synthesized in the
presence of higher concentration of NH4OH, which did not allow
the formation of the conducting PANI form. In other words, these
particles have the lowest conductivity, and, thus the response of
the suspensions based on these materials to the electric field is
not of interest. On the other hand, the suspensions based on car-
bonized samples prepared in 0.1 and 0.2 M NH4OH show clear
interfacial polarization, which results in symmetric narrow peaks.
The spectra for the suspensions based on carbonized samples pre-
pared in higher amount of NH4OH exhibit relaxation shifted to the
lower frequencies out of the region where the interfacial polariza-
tion occurs.

The suspensions based on carbonized particles exhibit signifi-
cantly higher ER effects in comparison with their non-carbonized
analogues. Their dielectric spectra also better fulfil demands for
high performance of ER suspensions. As can be seen from
Fig. 13b, the suspension based on carbonized particles prepared

in 0.2 M NH4OH solution particles exhibits faster relaxation pro-
cess, i.e. the relaxation time is lower, than that of the suspension
based on carbonized particles prepared in 0.1 M NH4OH solution.
This is connected with the transformation of the conducting PANI
to a non-conducting PANI base [33,34]. Thus, although the suspen-
sion based on carbonized particles prepared in 0.1 M NH4OH solu-
tion shows significantly higher dielectric relaxation strength, it
seems that in this case the relaxation time plays more important
role in determination of high ER effect than dielectric relaxation
strength. The dielectric relaxation strengths for the suspensions
based on carbonized particles prepared in 0.5 M, 1 M and 2 M
NH4OH solution do not significantly differ (Fig. 13a). However,
the significantly higher ER effect of the suspension based on
carbonized particles prepared in 2 M NH4OH solution is again the
consequence of its shorter relaxation time in comparison with
the suspensions based on carbonized particles prepared in 0.5
and 1 M NH4OH solution (Table 2, Fig. 13b).

4. Conclusions

The carbonization of aniline oligomers prepared by oxidation of
aniline under alkaline conditions at various concentrations of

Fig. 12. Dielectric spectra of (a) relative permittivity and (b) dielectric loss factor for the ER suspensions based on aniline oligomers prepared at various concentrations of
NH4OH.

Fig. 13. Dielectric spectra of (a) relative permittivity and (b) dielectric loss factor for ER suspensions based on carbonized aniline oligomers prepared at various
concentrations of NH4OH.
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ammonia leads to new materials suitable for ER suspensions with
enhanced ER efficiency. After the carbonization, the morphology
transformation of aniline oligomers from microspheres to two-
dimensional plates can be observed. The carbonization signifi-
cantly contributes to the extremely high ER efficiency of their ER
suspensions. The suspensions based on the prepared carbonized
aniline oligomers exhibit higher viscosity under the external elec-
tric field than the suspensions based on their original analogues.
The dielectric spectroscopy provides precise correlation between
dielectric properties of suspensions and their rheological perfor-
mance in the presence of external electric field. Although the pre-
pared suspensions exhibit similar dielectric relaxation strength,
the shorter relaxation time of the electrorheological suspensions
contributes considerably to the high electrorheological effect. The
highest ER efficiency and effect are observed for the suspension
based on carbonized particles prepared in 0.2 M NH4OH, and their
10 wt% silicone oil suspension exhibited a yield stress around
200 Pa. In the case of dynamic oscillatory loading, the presence
of two-dimensional plates significantly contributes to enhanced
ER efficiency of the suspensions in comparison with the suspension
consisted of small particles. Thus, in dynamic oscillatory loading
the ER efficiency seems to be more dependent on the size of parti-
cles and relaxation time than on the dielectric relaxation strength.
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Abstract
Electrorheological fluids consisting of large number and type of electrically polarizable particles have been presented in
the literature. Nevertheless, there is a lack of temperature-dependent electrorheological effect analysis, which is their
major feature from the application point of view. In this work, aniline oligomers were synthesized and carbonized in
order to obtain suitable materials to be used in electrorheological fluids. The silicone oil suspensions were prepared and
their temperature-dependent electrorheological performance was investigated in the temperature range between 25�C
and 65�C. The electrorheological fluid based on particles with larger size exhibits higher sensitivity to the increase in
temperature than the electrorheological fluid based on smaller particles. As an evaluative tool, dielectric spectra of the
prepared electrorheological fluids were investigated. It has been shown that the activation energy of the relaxation pro-
cess is higher for the electrorheological fluid based on larger size particles. The enhanced electrorheological effect at
high temperature was ascribed to the shift of dielectric relaxation of the electrorheological fluids to higher frequencies.

Keywords
Electrorheology, aniline oligomers, carbonization, impedance spectroscopy

Introduction

Electrorheological (ER) fluids are suspensions altering
their rheological parameters via an external electric
field due to a formation of organized chain-like struc-
tures from electrically polarizable particles spanning
the electrodes (Chae et al., 2015; Jang and Choi, 2015;
Mrlik et al., 2013a; Plachy et al., 2015; Sim et al., 2015).
These materials with controlled rheological parameters
are highly demanded in high technological applications,
like in robotics (Oh et al., 2013) and hydraulics devices
(Kamelreiter et al., 2012). Although one of the key
requirements of the ER fluids from the application
point of view is their broad operational temperature
region, there is still a lack of studies dealing with the
temperature dependence of their rheological character-
istics in the absence and in the presence of an external
electric field.

The so far presented studies dealing with the
dependence of ER effect on the temperature (Belza
et al., 2008; He et al., 2009; Jiang et al., 2015; Kim
et al., 2007; Koyuncu et al., 2012; Liu et al., 2006;
Niu et al., 2014; Yan et al., 2013; Yin et al., 2011) have

shown that for dry-based ER fluids, the ER effect
increases with the increasing temperature. In the case
of water-based ER fluids, the water tends to evaporate
at high temperature which leads to a decrease in the
ER effect. Increasing the temperature has generally two
main positive impacts affecting the dispersed particles:
(1) increase in the polarization magnitude and (2)
increase in the polarization rate of the particles leading
to an enhancement of the ER effect and its stability at
elevated temperature (Jiang et al., 2015; Yin et al.,
2011). The elevated temperature also increases the
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electrical conductivity of the dispersed particles, influ-
encing positively the ER effect (Kim et al., 2007). The
increase in the conductivity is noted by a steep increase
in the leakage current density (Niu et al., 2014).
Moreover, the viscosity of a liquid medium tends to
decrease with increasing temperature, making easier the
formation of stiffer chain-like structures due to lower-
ing of the frictional forces between particles and the
viscous medium (Kim et al., 2007; Liu et al., 2006). On
the other hand, negative influence of the elevated tem-
perature on the ER effect has also been observed
(Yilmaz et al., 2012).

The aim of this work concerns the study of the
temperature-dependent ER performance of ER fluids
based on aniline oligomers investigating the influence
of the particles size on their temperature-dependent ER
performance.

Experimental

Preparation of the particles

The particles were prepared as it has been described by
Plachy et al. (2014). Briefly, aniline (0.2 M; Sigma–
Aldrich, USA) was oxidized with ammonium peroxydi-
sulphate (0.2 M; Lach:Ner, Czech Republic) in the aqu-
eous solutions of 0.1 M (product is further labelled as
S1) and 2 M (product is further labelled as S2) ammo-
nium hydroxide (NH4OH; Lach:Ner, Czech Republic).
After drying, the particles were thermal treated at
650�C in nitrogen atmosphere in order to obtain carbo-
naceous nitrogen-enriched structures. When the target
temperature was reached, the oven was switched off
and the products were left to cool down slowly to the
room temperature. The density of prepared particles
was determined by a pycnometer.

Preparation of ER fluids

ER fluids of concentration 10 wt% (due to very similar
densities of both samples, this corresponds approxi-
mately to 7 vol% for both prepared fluids) were pre-
pared by mixing the dry particles and dry silicone oil
(Lukosiol M200; Chemical Works Kolı́n, Czech
Republic; viscosity hc = 194 mPa s; conductivity
sc ’ 10211 S cm21). Before each measurement, the
ER fluid was manually stirred with a glass stick for
’5 min and then sonicated (ultrasound frequency
24 kHz, 50% amplitude) for 60 s in order to homoge-
nize the ER fluids.

Rheological measurements

Rheological parameters of the prepared ER fluids in
the absence and in the presence of an external electric
field were measured using a rotational rheometer

Bohlin Gemini (Malvern Instruments, UK) with a
coaxial-cylinder geometry (length of 27.4 mm, inner
cylinder separated by a gap of 0.7 mm) at 25�C, 45�C
and 65�C. The external electric field of strength within
0.5–2 kV mm21 was produced by a DC high-voltage
supplier TREK 668B (TREK, USA). The electric field
was applied 1 min before starting shearing in order to
provide enough time for particles to create internal
structures. The experiments were performed in a steady
shear mode in the shear rate range of 0.1–300 s21.
After each measurement, the fluid was sheared at a
shear rate of 40 s21, for 1 min, in order to destroy the
residual structures.

Scanning electron microscopy

Morphology and dimensions of the particles were inves-
tigated using scanning electron microscopy (SEM;
VEGA II LMU, Tescan, Czech Republic).

Dielectric measurements

Dielectric properties of the ER fluids were investigated
by a high-precision impedance analyser Agilent 4294A
(Agilent, Japan) in the frequency range from 40 to
107 Hz at temperatures of 25�C, 45�C and 65�C.

Optical microscopy

Formation of structures created within the ER fluids
upon an application of the electric field of strength
1 kV mm21 was observed using an optical microscope
(N 400M, China) linked to a digital camera. In
this experience, the fluid, consisting of 0.5 wt%
(ca. 0.3 vol%) of particles, was placed between two
copper electrodes, with a gap of 1 mm, which were con-
nected to a high-voltage DC source (Keithley 2400;
Keithley, USA).

Results and discussion

Characterization of the particles

SEM proved that the particles prepared in 0.1 M
NH4OH solution (S1; Figure 1(a)) are significantly
smaller than those prepared in 2 M NH4OH solution
(S2; Figure 1(b). While the former possess a thin polya-
niline layer on their surface preventing them from sin-
tering upon the high temperature, the oligomers
prepared in 2 M NH4OH solution were probably fused
during the carbonization and they broke down to the
smaller pieces during the cooling process (Morávková
et al., 2013; Plachy et al., 2014). The measured density
of the S1 and S2 particles was 1.35 and 1.41 g cm23,
respectively.
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Rheological properties

Figure 2 shows that the ER fluid based on S1 particles
behaves as a pseudoplastic liquid (Figure 2(a)) at low
shear rates in the absence of an external electric field
due to the small size of the particles since these possess
high specific surface area leading to higher interactions
between particles and silicone oil. The ER fluid based
on the S2 particles acts nearly as a Newtonian fluid
over the whole shear rate region (Figure 2(b)). After the
application of the electric field of strength 2 kV mm21,
however, both ER fluids start to act as Bingham fluids.
In this condition, the S1-based fluid exhibits higher
yield stresses than the S2 fluid. With increasing tem-
perature, the yield stresses for both fluids increase
(Figure 3). This fact can be a consequence of an
enhancement of the conductivity and/or polarizability
of the particles together with a reduction in the viscos-
ity of silicone oil (Jiang et al., 2015; Kim et al., 2007;
Niu et al., 2014; Yin et al., 2011). The dispersed parti-
cles commonly used in ER fluids are semiconductors,
whose conductivity and polarizability significantly
increase with increasing temperature through thermally
activated process (Mrlik et al., 2014; Negita et al.,
2008). This behaviour stands in opposition to magne-
torheological (MR) fluids, which are magnetic analo-
gues of ER fluids. It was found that shear stress of MR
suspensions based on carbonyl iron particles slightly
decreases with increasing temperature in the presence

of magnetic field (Chooi and Oyadiji, 2005; Ocalan and
McKinley, 2013; Trendler and Bose, 2007). This effect
was explained by a loss of saturation magnetization at
elevated temperatures (Wang et al., 2014). On the other
hand, Mrlik et al. (2013b) and Machovsky et al. (2014)
have described MR suspensions based on coated carbo-
nyl iron particles exhibiting increased MR effect at ele-
vated temperature.

The ER behaviour of the fluid based on larger parti-
cles is more sensitive to the temperature than the fluid
prepared from smaller particles. These findings are rep-
resented by steeper increase in shear stress values with
increasing temperature obtained by linear regression
(slope 0.60) in comparison with the values for ER fluid
based on S1 (slope 0.28) (Figure 3). The decrease in the
shear stress in the absence of external electric field with
increasing temperature is also more significant for the
fluid based on the S2.

Another key demand on the ER fluids is a high dif-
ference in viscosity observed in the presence of an elec-
tric field, hE, and the viscosity in the absence of an
electric field, h0. This difference is well embodied in the
formula of ER efficiency, e = (hE 2 h0)/h0 (Yin and
Zhao, 2004). For both prepared ER fluids, the ER effi-
ciency increases with increasing temperature (Figure 4).
At 25�C, the ER efficiency is higher for the fluid based
on S1. In a low shear rate region at a temperature of
65�C, however, the ER efficiency is higher for the fluid
based on S2 as a result of its significantly enhanced ER
effect and lowered field-off viscosity. Lower ER effi-
ciency of the ER fluid based on S1 at low shear rates is
a consequence of its high pseudoplastic behaviour in
the absence of electric field.

Dielectric properties

Figure 5 shows the dielectric response of S1 sample at
room temperature, using the Cole–Cole plot. The

Figure 2. The log–log dependence of shear stress, t, on the shear rate, _g, for ER fluids based on (a) S1 particles and (b) S2 particles
in the absence (solid symbols) and in the presence of electric field of strength 2 kV mm21 (open symbols) at various temperatures.

Figure 1. SEM images of (a) S1 and (b) S2 particles.
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observed dielectric relaxation process cannot be
explained by the Debye model, as the centre of the
semicircle is not in the abscissa axis, indicating the exis-
tence of a relaxation time distribution. Due to the spec-
trum symmetry, the Cole–Cole formalism was
employed for data analysis (Cole and Cole, 1941)

e�= e‘ +
(eS � e‘)

1+(iv � trel)1�a
ð1Þ

where e* stands for the complex permittivity, eS and eN

are the ‘static’ and ‘infinite frequency’ relative permit-
tivities, respectively, v represents the angular frequency
and trel represents the relaxation time. De, known as
dielectric strength, is the algebraic difference between eS
and eN. The a parameter, which is called the Cole–Cole
exponent, describes the broadness of the relaxation time
distribution (Cole and Cole, 1941).

It was observed that with the increase in the tem-
perature, De decreases for the ER fluid based on S1
(Figure 6), while it increases for the fluid based on S2
(Table 1; Figure 7). The decrease in De can be caused
by the disturbances of the smaller particles through the
Brownian motion. The significant increase in the dielec-
tric relaxation strength of ER fluid based on S2 is also
confirmed by its higher relaxation peaks at 45�C and
65�C when compared with the one at 25�C (Figure
7(b)). By increasing the temperature, the relaxation
times, obtained from the peak maximum of dielectric
loss factor as trel = 1/2pfmax (Liu and Choi, 2012), sig-
nificantly shift to higher frequencies for both ER fluids
(Figures 6(b) and 7(b)). It has been found that, for the
high ER effect, the relaxation time of the fluids should
fall within frequencies of 102–105 Hz and preferably
closer to the higher frequency limit (105 Hz) (Hao,
1998, 2002). It must be noted that in this frequency
range the interfacial polarization, which is responsible
for the ER effect, also occurs. Despite almost similar
De values of both ER fluids at 65�C, the fluid based on
S1 possesses shorter relaxation times than S2 (by one
order of a magnitude – see Table 1). The shift to higher
frequencies, which also represents increase in conduc-
tivity (Davis, 1997; Hao, 1998), can thus be one of the
significant phenomena responsible for the increase in
the ER effect of the fluids (Belza et al., 2008; Kim et
al., 2007; Yin et al., 2011). Therefore, the increased ER
effect of both ER fluids should be attributed mainly to
the shift of trel to higher frequencies rather than to
changes in the De.

The values of the Cole–Cole exponent, which are far
from 1.0, show that the relaxation process is not repre-
sented by a unique relaxation, that is, the Debye model
is not useful to characterize these materials. A distribu-
tion of trel is then observed (Chihaoui et al., 2013;
Macdonald, 1987).

In accordance with Mrlik et al.’s (2014) work,
which describes a temperature dependence of the

Figure 3. Values of the shear stress for prepared ER fluids in
the absence (solid symbols; t0) and in the presence of electric
field of strength 2 kV mm21 (open symbols; ty) at shear rate of
0.1 s21 at various temperatures. The meaning of the symbols is
the same as in Figure 2.

Figure 4. The dependence of the ER efficiency, e, on the shear
rate, _g, for ER fluids based on S1 and S2 particles in the presence
of the electric field of strength 2 kV mm21 at 25�C and 65�C.

Figure 5. Cole–Cole plot of the ER fluid based on S1 particles
at 25�C.
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dielectric spectra of particles based on aniline oligo-
mers, the activation energy of the relaxation process
was then calculated from the relaxation times of the
ER fluids (Table 1) according to the Arrhenius type
of equation

trel = ta exp
Ea

kT

� �
ð2Þ

where trel represents relaxation time and ta is a pre-
exponential factor, Ea is the activation energy of the
relaxation process, and k and T stand for Boltzmann

Figure 6. Dielectric spectra of (a) relative permittivity and (b) dielectric loss factor for the prepared ER fluid based on S1 particles
at various temperatures.

Figure 7. Dielectric spectra of (a) relative permittivity and (b) dielectric loss factor for the prepared ER fluid based on S2 particles
at various temperatures.

Table 1. Dielectric parameters of prepared ER fluids obtained from Cole–Cole model at various temperatures.

Fluid based on S1 Fluid based on S2

Parameter 25�C 45�C 65�C 25�C 45�C 65�C

eS 5.04 4.89 4.73 4.18 4.36 4.50
eN 3.06 2.99 2.92 3.00 2.93 2.89
De 1.98 1.90 1.81 1.18 1.43 1.61
trel (ms) 72.8 32.9 15.6 411.0 233.0 144.0
a 0.65 0.66 0.68 0.39 0.40 0.39
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constant and thermodynamic temperature, respectively.
The values of Ea calculated from the slope of the
dependence of ln trel on 1/T are 0.28 and 0.19 eV
(4.49 3 10220 and 3.04 3 10220 J, respectively) for
the ER fluid based on S1 and S2, respectively. The
lower activation energy of the relaxation process can
then lead to more significant changes with the increas-
ing temperature for the ER fluid based on S2 represent-
ing its bigger changes in the ER effect at elevated
temperature.

Optical microscopy

Figures 8 and 9 show the optical microscopy images of
the prepared ER fluids in the absence and in the pres-
ence of electric field of strength 1 kV mm21. In the case
of the ER fluid based on S1, the transition in distribu-
tion of the particles from random (Figure 8(a)) to
highly organized structures after the application of the
electric field is clearly observed (Figure 8(b)). On the
other hand, the particles of the fluid based on the S2
were not able to properly form strands after the appli-
cation of the electric field (Figure 9), probably due to
the low mobility of those particles, which is not high
enough, that is, the external field magnitude is not
higher than the friction forces between the particles
and the silicone oil. The high viscosity of the liquid
medium hinders the particles from movement. The visc-
osity decreases with increasing temperature, which sig-
nificantly helps the particles to form highly organized
structures under the application of an external electric
field leading to higher ER effects.

Conclusion

The study describes the temperature-dependent rheolo-
gical behaviour of prepared ER fluids based on carbo-
nized aniline oligomers in the absence and in the
presence of an external electric field. The ER effect
increased with increasing temperature, while the
increase was more significant in the case of the ER
fluid based on the larger particles. Dielectric spectra
explain the temperature-dependent ER behaviour of
prepared ER fluids. The dielectric relaxation strength
decreases in the case of the ER fluid based on the
smaller particles that can be disturbed through the
Brownian motion; on the other side, it increases for the
ER fluid based on the larger particles. Dielectric spec-
tra confirm that the ER effect is more sensitive to the
position of relaxation time than to the value of dielec-
tric relaxation strength of the ER fluid since its position
is connected with the conductivity of the dispersed par-
ticles. Also the decrease in the viscosity of the liquid
medium plays an important role in the forming of
chain-like structures from particles upon the applica-
tion of the external electric field due to the lowering
energy barrier for particles movement. This can explain
the higher sensitivity of the ER fluid based on larger
particles to temperature changes.
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The observation of a conductivity threshold on
the electrorheological effect of p-phenylenediamine
oxidized with p-benzoquinone

Tomas Plachy,ab Michal Sedlacik,*a Vladimir Pavlineka and Jaroslav Stejskalc

p-Phenylenediamine was oxidized with p-benzoquinone in the presence of 0.1–5 M methanesulfonic

acid (MSA) solutions. The resulting methanesulfonate salts of 2,5-(di-p-phenylenediamine)-1,4-benzo-

quinone are semiconducting and the particles were further suspended in silicone oil in a weight ratio of

1 : 9 in order to create novel electrorheological fluids. Conductivity measurements using the two-point

method along with dielectric spectroscopy were carried out in order to investigate their electrical

and dielectric properties, including their silicone-oil suspensions. The higher the concentration of MSA

was present during the synthesis, the higher the conductivity was observed. Nevertheless, a certain

threshold of the ER effect has been found and a further significant increase in conductivity causes only a

slight ER effect enhancement. At an electric field strength of 1.5 kV mm�1, the observed yield stresses

read at the low shear rate values were 11.5 Pa, 20.3 Pa, 24.5 Pa, and 28.2 Pa for particles with

conductivities 1.5 � 10�12, 8.5 � 10�11, 1.0 � 10�8, and 1.5 � 10�7 S cm�1, respectively. From dielectric

spectra, it was observed that the conductivity of the particles determines the relaxation times of their

silicone-oil suspensions.

1. Introduction

Electrorheological (ER) fluids are known as liquids whose rheo-
logical properties can be controlled by means of an external
electric field. Generally, dry-based ER fluids are suspensions
consisting of electrically polarizable particles dispersed in a
non-conducting liquid medium. In the absence of electric field,
particles are randomly distributed within ER fluids; however, the
application of electric field leads to a creation of electric field-
induced chain-like structures along the electric field strength
direction spanning a gap between the electrodes due to dipole–
dipole interactions.1–3 This formation of internal structures is
fast and reversible,4 and leads to a steep increase in the viscosity5

of ER fluids. This phenomenon is called the ER effect.
It was proposed that the main factors responsible for the ER

effect of ER fluids are the optimal conductivity of dispersed
particles and the high dielectric relaxation strength of the ER
fluids.3,6,7 The role of conductivity is major mainly in the presence
of a DC electric field and at low frequencies of an AC electric field.8

Conductivity of the particles also determines the response time of
ER fluids to an applied electric field.9 It has been demonstrated
that the local electric field, EL, between two aligned polar particles
is much higher than the overall applied electric field, E.10,11 For a
strong EL (EL c E) leading to the formation of stiff chain-like
structures, the ratio ep/elm, where ep represents the relative
permittivity of dispersed particles and elm is the relative permit-
tivity of a liquid medium, is crucial. Thus, a high mismatch
between the dielectric constants of a dispersed phase and a liquid
medium is required for high ER effects. Introducing of polar
groups into the particles can then lead to high ER effects due to
their increased polarizability.11,12 The other important factors
influencing the ER effect are the size and morphology of the
dispersed particles.13 It has been shown that ER fluids based on
polypyrrole nanofibers14 or polyaniline nanofibers15 exhibit a
higher ER effect than ER fluids based on their globular analogues
with similar conductivities. Also the higher aspect ratio of the
fibers contributes to higher ER effects.14 In general, in the case of
the particles with plate-like or fibrous morphology, these exhibit
higher ER response also due to the higher interparticle friction.7

On the other hand, Cheng et al. in their work have shown that in
the case of dielectric particles the smaller particle-based ER fluid
exhibited higher ER effects probably due to an increased content
of polar molecules together with their increased surface area.16

Various ER fluids have been introduced so far, where a con-
tinuous phase was mainly represented by mineral or silicone oils,
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owing to their low relative permittivity. As a dispersed phase,
both organic and inorganic electrically polarizable particles have
been used. The latter are represented by clays, various titanium
oxides,17,18 silica particles,19 etc. Organic particles are primarily
represented by various carbon materials20–23 and conducting
polymers such as polyaniline,24–26 polypyrrole,27,28 and their
derivatives.29 Polyphenylenediamine, a derivative of polyaniline,
can form three isomers, i.e. poly(ortho-, meta-, and para-phenylene-
diamine). All of them have been used in ER fluids as a dispersed
phase, and the para isomer has exhibited the highest ER effect
among them due to its highest conductivity.29 Conductivity of
these materials is provided by the presence of a conjugated system
containing sp2 hybridized carbon atoms possessing delocalized
electrons. The movement of these electrons is even enhanced by
a doping process. While the conductivity of deprotonated con-
ducting polymers is low (approximately 10�12–10�9 S cm�1),29,30 by
doping process it increases even over units of S cm�1.31 This
controllable conductivity makes these materials favorable for use
in ER fluids. However, oligomers of conducting polymers prepared
in the presence of p-benzoquinone forming trimers do not contain
the conjugated system. Thus, the conductivity of oligomers can
be then understood as a result of an inter-molecular charge
transport,32,33 where the delocalized electrons are responsible for
the hole transport and hydrogen bonding interactions influencing
the electron transport.34 The doping process is then crucial for the
conductivity of such oligomers.

Aniline oligomers have been recently introduced in electro-
rheology exhibiting high ER effects35 that can be even increased
by their carbonization in an inert atmosphere.22 Their ER
effects increase with the amount of polar groups presented in
the structure of aniline oligomers. Therefore, this study deals
with the synthesis of analogous ‘‘trimers’’ obtained by the
oxidation of p-phenylenediamine ( pPDA) with p-benzoquinone in
the solutions of methanesulfonic acid (MSA) along with their
utilization as a dispersed phase in novel ER fluids. It is known
that high concentrations of MSA presented during the synthesis
should provide particles with high conductivity and polarizability36

suitable for their use in electrorheology.

2. Experimental
2.1. Preparation of solids

pPDA (0.2 M, Sigma-Aldrich) was oxidized with p-benzoquinone
(0.5 M, Sigma-Aldrich) in MSA (Sigma-Aldrich) aqueous solutions
of various concentrations of MSA (0.1–5 M).36 Both reactants were
dissolved separately in MSA solutions, the solutions were mixed,
and left at room temperature for 24 h. The solids were then
isolated by filtration, rinsed with corresponding acid solution,
then with ethanol, dried in the air at room temperature, and then
over the silica gel in a desiccator. For more detailed characteriza-
tion of the particles the reader is referred to ref. 36.

2.2. Characterization of the particles

Morphology and dimensions of the particles were observed
using scanning electron microscopy (SEM; Vega II LMU, Tescan,

Czech Republic). Conductivity of the particles was measured by
the two-point method at ambient temperature using an electro-
meter (Keithley 6517B, USA). For the measurement of conduc-
tivity the particles were pressed into pellets of diameter 13 mm.
Thermal stability of the prepared particles was studied using
thermogravimetric analysis (TGA; TA Q500, TA Instruments,
USA). Thermogravimetic measurements were carried out in a
nitrogen atmosphere at a heating rate of 10 1C min�1 in the
temperature range 25–900 1C. In the case of SEM images and the
ER fluid preparation, the particles were firstly ground using a
ball mill Lab Wizz 320 (Laarmann, The Netherlands), and further
sieved on a sieve with a mesh diameter of 45 mm. The particles
were subsequently dried in a vacuum oven at 60 1C for 24 h and
stored in a desiccator for further analyses.

2.3. Preparation of ER fluids

Each batch of the dry particles was mixed separately with silicone
oil (Fluid 200, Dow Corning, UK, viscosity Zc = 108 mPa s, density
rc E 0.965 g cm�3) in a mass ratio of 1 : 9 in order to create ER
fluids of particle concentration 10 wt%. Before each measure-
ment, the prepared ER fluids were manually stirred with a glass
stick and sonicated for 1 min to ensure homogenous distribution
of the particles within the suspension.

2.4. Rheological measurements

Rheological parameters of the ER fluids in the absence and in
the presence of electric field were investigated using a rotational
rheometer Bohlin Gemini (Malvern Instruments, UK) with a
parallel-plate geometry (a gap of 0.5 mm and a diameter of
40 mm). Experiments were carried out at 25 1C, and electric field
strengths of 0.5–3 kV mm�1 were supplied by a DC high voltage
supplier TREK 668B (TREK, USA). The rheological measurements
were performed in both the steady shear and oscillatory mode at
shear rates 0.1–200 s�1 and at the frequencies 0.1–10 Hz, respec-
tively. To ensure that the measurements in a frequency sweep
mode are carried out in a linear viscoelastic region, the amplitude
sweep mode experiment at the fixed frequency 1 Hz was firstly
carried out. Before each measurement in the presence of electric
field, the electric field was applied for 1 min prior the shearing
in order to provide sufficient time for the creation of oriented
chain-like structures. After each measurement, the ER fluids were
sheared for 60 s at a constant shear rate of 50 s�1 to destroy the
residual structures.

2.5. Dielectric measurements

Dielectric spectra of the prepared ER fluids were studied using a
Broadband Dielectric Impedance Analyzer Concept 40 (Novocontrol,
Germany) in the frequency range 0.1–107 Hz. The dielectric
parameters were obtained by application of the Havriliak–
Negami model (eqn (1)) to the obtained data.37

e� ¼ e1
0 þ

e0
0 � e1

0� �

1þ io � trelð Það Þb
(1)

In eqn (1), e* stays for complex permittivity, e0
0 and eN0 for

their real part at ‘‘static’’ and ‘‘infinite’’ frequency, respectively.
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Their algebraic difference, De, represents the dielectric relaxa-
tion strength, and a parameter o represents angular frequency.
The relaxation time is expressed as trel. Parameters a and b
describe a width and skewness of the relaxation time distribu-
tion, respectively.37

3. Results and discussion
3.1. Particle characterization

It has been demonstrated,36 that the oxidation of p-PDA with
p-benzoquinone produced a ‘‘trimer’’, 2,5(di-p-phenylenediamine)-
1,4-benzoquinone (DPB; Fig. 1 (1)). p-Benzoquinone is thus not a
mere oxidant, as it is included in the final structure of oligo-
mers.33,38,39 When the reaction is carried out in the solutions of
MSA the corresponding methanesulfonate salts are produced (Fig. 1
(2)). The degree of incorporation of MSA counter-ions into the salts
depends obviously on the concentration of MSA in the reaction
mixtures. Such salts are semiconducting, as discussed below.

Morphology of the DPB particles is not affected by the
concentration of MSA during their synthesis (Fig. 2). These particles
possess irregular shape and create agglomerates (Fig. 2a–c), whose
sizes increase with higher MSA concentration (Fig. 2d–f). The higher
amount of MSA introduced in the DPB oligomer trimers increases
their polarity and also provides oxygen atoms that can form
hydrogen bonds with hydrogens from the trimers leading to a
creation of agglomerates. Thus, with increasing of MSA concen-
tration, the size of the particles increases.

Thermal decomposition of DPB salts can be divided into
three main steps. The first step between 25 and 100 1C repre-
sents the loss of adsorbed humidity. The amount of adsorbed
water increases with increasing concentration of MSA present
during the synthesis of DPB (Fig. 3a). While for particles
prepared at low concentrations of MSA the loss was 4–6%, for
the particles prepared in the presence of 2 M and 5 M MSA the
losses were 9.2 and 14.3%, respectively. The higher amount of MSA
salts incorporated into DPB increases their polar character; thus,
they then adsorb more humidity. The second step was found at
approximately 100–260 1C. This can be associated with decom-
position of p-PDA40 or, more likely, with the release of MSA
constituting the DPB salt. The further losses up to B370 1C can
be among others ascribed mainly to leaving of sulfur dioxide.41

This trend considerably increased with the increasing concen-
tration of MSA presented during the synthesis (Fig. 3b) due to
higher amount of MSA salts linked to DPB. The decomposition at
higher temperatures represents the transformation of DPB into
a nitrogen-enriched carbonaceous structure involving probable
leaving of carbon monoxide, carbon dioxide, aromatic amines
and organic groups containing oxygen ( p-benzoquinone).41

The low conductivity of DPB salts prepared at low concen-
tration of the MSA (Table 1) can be explained by neutralization
of the MSA with the monomer pPDA.33 The steep increase
in conductivity of about three orders of magnitude between
the particles prepared in the presence of 0.2 M and 0.5 M MSA
resembles a certain percolation threshold. With a further increase
in concentration of MSA, the conductivity increased up to the
E10�4 S cm�1 (Table 1). The MSA serves as a dopant; thus, the
higher concentration of MSA leads to higher conductivity of
DPB obtained also due to the formation of a higher amount of
hydrogen bonds.34

3.2. Electrorheological behavior

The ER fluids based on DPB prepared in the presence of 2 M
and 5 M MSA caused a short-circuit of the measuring apparatus
due to too high conductivity of these particles (the limit for
passing current was 5 mA). Therefore, properties of these ER
fluids are no longer discussed. The conductivity of DPB prepared
in the presence of 0.5 M and 1 M MSA enabled the measure-
ments of their ER fluids only at the electric field strengths up
to 1.5 kV mm�1.

The prepared ER fluids exhibited Newtonian behavior in the
absence of external electric field, which is expressed as a linear
increase in shear stress with the slope = 1 (Fig. 4a–c). Only
the ER fluid based on pPDA particles prepared in 1 M MSA
showed slightly pseudoplastic fluid character (Fig. 4d). After the
application of an external electric field, the ER fluids started
to behave as Bingham fluids. The ER effect of the prepared
ER fluids increased with the increasing concentration of
MSA presented during the synthesis, thus, with the higher
conductivity of the particles the higher ER effect was observed
for their ER fluid, which fits well with the theory that the
stiffness of the induced chain-like structures is mainly directed
by the conductivity of the particles in the presence of a DC
electric field.8 The higher conductivity of the particles leads to

Fig. 1 p-Phenylenediamine is oxidized with p-benzoquinone to 2,5(di-p-
phenylenediamine)-1,4-benzoquinone (1). After the ‘‘keto–enol’’ rearrangement,
the resulting imine nitrogen atoms may become protonated with (methane-
sulfonate) acid (HA) to corresponding salt (2).
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higher electrostatic interactions between them. Such chain-
like structures can then withstand higher hydrodynamic forces
before the flow begins. The increasing size of the particles

could also positively contribute to higher ER effects of ER
fluids based on particles prepared in a higher amount of MSA
concentrations.42,43

Fig. 2 SEM images of DPB trimers prepared in the presence of 0.1 M (a), 0.2 M (b), 0.5 M (c), 1 M (d), 2 M (e), and 5 M (f) MSA.

Fig. 3 TGA (a) and DTGA (b) curves of DPB prepared at various concentrations of MSA. Atmosphere: N2; heating rate: 10 1C min�1.
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The double-logarithmic plot of the yield stress of the ER fluids
on the electric field strength conforms the power law trend

ty = q � Ea (2)

where ty represents a yield stress, q and E stand for rigidity of the
system and electric field strength, respectively, and an exponent
a is the slope of the exponential equation.35 Since it is compli-
cated to exactly determine a yield stress, the values of shear
stress at a very low shear rate of 0.15 s�1, t0.15, were used for this
evaluation. For well-developed internal structures within the ER
fluids upon an application of an external electric field, the values
of exponent a should be within 1.5–2. The slope of an exponent
for all prepared ER fluids is within this border and the power law
fits very well the t value dependence on E (Fig. 5). In addition, it
is evident that with an increasing amount of MSA presented
during the synthesis (increasing conductivity) the ER effect
increases. A further increase in the conductivity of the particles

would probably lead to higher ER effects, however, also to higher
current density passing through the ER fluid, which was repre-
sented by the short-circuits in a measuring device for the more
conducting particle-based ER fluids.

Nevertheless, from the dependence of the yield stress on the
MSA concentration, it can be seen that the increment in the ER
effect is not exactly proportional to the increment in conductivity

Table 1 Conductivity of DPB prepared at various molar concentrations of
MSA

[MSA] (mol L�1) Conductivity, s, (S cm�1)

0.1 1.5 � 10�12

0.2 8.5 � 10�11

0.5 1.0 � 10�8

1 1.4 � 10�7

2 5.8 � 10�5

5 3.4 � 10�4

Fig. 4 The double-logarithmic plot of the shear stress, t, on the shear rate, _g, for the ER fluids based on DPB prepared in the presence of 0.1 M (a), 0.2 M
(b), 0.5 M (c), and 1 M (d) MSA at various electric field strengths.

Fig. 5 The double-logarithmic plot of shear stress values obtained at
a shear rate of 0.15 s�1, t0.15, vs. electric field strength, E, for the prepared
ER fluids. The lines represent the exponential fit and their slope values
involved in the graph.
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of the particles. While a certain threshold in the conductivity of
DPB salts was observed between the concentrations 0.2 and 0.5
MSA, the sort of threshold in the ER effect can be observed
between 0.1 and 0.2 MSA concentrations (Fig. 6). In other words,
although the DPB prepared at 0.5 MSA solution possesses
conductivity of about 3 orders magnitude higher than those
prepared at 0.2 MSA, the change in the ER effect of ER fluids
based on 0.2 and 0.5 MSA particles is not so significant, as
between ER fluids of 0.1 and 0.2 MSA-based particles, where the
conductivity difference was only one order of magnitude (Fig. 6,
inset). This indicates that a certain threshold of formation of the
particles exists, under which a further increment of conductivity
does not provide a proportional increase in the ER effect.

Behavior closer to the real applications is described by dynamic
loadings of the prepared ER fluids presented by frequency sweep
measurements with a fixed strain inside the linear viscoelastic
region giving information about viscoelastic behavior of prepared
ER fluids. The prepared ER fluids based on DPB behave like liquid
materials, which is represented by the values of the viscous

modulus higher than the storage modulus (G00 4 G0) (Fig. 7a).
However, after the application of an electric field, the ER fluids
underwent a transition from liquid-like to a solid-like state
leading to a steep increase in both moduli; nevertheless, the
increase in the storage modulus is much more significant and
starts to dominate over the viscous modulus (G00 { G0). First
things first, the ER fluids based on DPB prepared in 1 M, 0.5 M,
0.2 M, and 0.1 M MSA solution exhibit the highest ER effect (the
storage modulus) in oscillatory measurements at an electric
field strength of 1.5 kV mm�1 (Fig. 7b). These findings correlate
well with the steady shear measurements, the conductivity of
the particles, and also with dielectric properties of the prepared
ER fluids. Thus, the higher conductivity and dielectric relaxa-
tion strength of the particles lead to stiffer created chain-like
structures induced by an electric field.

3.3. Impedance spectroscopy

Values of dielectric relaxation strengths of 0.1 M and 0.2 M
MSA-based ER fluids are almost the same (Table 2); however,
the relaxation process of the latter ER fluid occurs at higher
frequencies than the former one, which is represented by its
faster relaxation time (Fig. 8a). The faster relaxation time
positively contributes to the higher ER effect. The conductivity
of DPB salts dramatically increased at concentration 0.5 MSA
(Table 1). Dielectric spectra of their ER fluids are then distorted
at low frequencies probably due to the electrode polarization,
which is observed in conducting suspensions at low frequencies.

Fig. 6 The plot of shear stress values obtained at a shear rate of 0.15 s�1

vs. concentration of MSA presented during the synthesis of DPB for their
10 wt% ER fluids. The inset depicts shear stress values obtained at a shear
rate of 0.15 s�1, t0.15, vs. conductivity of the suspended particles.

Fig. 7 The double-logarithmic plot of the storage, G0 (solid symbols), and viscous, G00 (open symbols), moduli vs. the angular frequency, o, for ER fluids
based on DPB prepared in the presence of various MSA solutions in the absence (a) and in the presence of an electric field strength of 1.5 kV mm�1 (b).

Table 2 Dielectric parameters of prepared ER fluids obtained from the
Havriliak–Negami model

Parameter

Concentration of MSA

0.1 M 0.2 M 0.5 M 1 M

e0
0 4.86 4.89 6.55 6.14

eN0 3.02 3.04 3.00 3.00
De 1.84 1.85 3.55 3.14
trel [s] 1.80 1.34 � 10�1 5.01 � 10�2 7.54 � 10�3

a 0.80 0.67 0.89 0.39
b 0.62 0.96 0.42 0.99
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In an alternating electric field, the free ions start to migrate to
electrodes,44 which leads to development of ionic double layers
on the electrodes implying a huge polarization of the double
layer. Nevertheless, the relaxation times of the ER fluids and
their polarizability can be read from undistorted data (Fig. 8b).
Although, the polarizability is higher for the ER fluids based on
DPB prepared in 0.5 MSA, the faster relaxation time is observed
for the ER fluids based on DPB prepared in 1 MSA, corresponding
to the higher conductivity of the latter particles. With increasing
concentration of MSA presented during the synthesis of DPB, the
higher polarizability and faster relaxation times are observed,
which is in accordance with findings in the dielectric spectra of
aniline oligomers by Mrlik et al.35

4. Conclusions

Oxidation of p-phenylenediamine with p-benzoquinone in the
presence of methanesulfonic acid leads to the formation of
‘‘trimers’’, 2,5(di-p-phenylenediamine)-1,4-benzoquinone methane-
sulfonate salts. Their conductivity increases with concentration of
methanesulfonic acid present during the synthesis. The difference
of about three orders of magnitude between conductivity of particles
prepared in 0.2 M and 0.5 M methanesulfonic acid represents a
certain percolation threshold, which prompts that the conductivity
of trimer salts is directed by inter-molecular charge transport.
Electrorheological fluids based on the suspension of these salts
in silicone oil exhibited a considerable electrorheological effect
directed by conductivity and polarizability of the particles. The
higher the conductivity the higher and more stable electro-
rheological effect was observed. On the other hand, a certain
threshold at which a further increase of conductivity only
slightly contributes to the ER effect was found.
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and J. Stejskal, Chem. Eng. J., 2014, 256, 398–406.
23 J. Y. Hong, E. Lee and J. Jang, J. Mater. Chem. A, 2013, 1, 117–121.
24 H. J. Choi, T. W. Kim, M. S. Cho, S. G. Kim and M. S. Jhon,

Eur. Polym. J., 1997, 33, 699–703.
25 M. Stenicka, V. Pavlinek, P. Saha, N. V. Blinova, J. Stejskal

and O. Quadrat, Colloid Polym. Sci., 2011, 289, 409–414.
26 Y. D. Liu, F. F. Fang and H. J. Choi, Mater. Lett., 2010, 64,

154–156.
27 J. W. Goodwin, G. M. Markham and B. Vincent, J. Phys.

Chem. B, 1997, 101, 1961–1967.
28 Y. D. Kim and I. C. Song, J. Mater. Sci., 2002, 37, 5051–5055.
29 J. Trlica, P. Saha, O. Quadrat and J. Stejskal, Physica A, 2000,

283, 337–348.
30 M. Stenicka, V. Pavlinek, P. Saha, N. V. Blinova, J. Stejskal

and O. Quadrat, Colloid Polym. Sci., 2009, 287, 403–412.
31 T. Abdiryim, R. Jamal and I. Nurulla, J. Appl. Polym. Sci.,

2007, 105, 576–584.
32 M. Mrlik, R. Moucka, M. Ilcikova, P. Bober, N. Kazantseva,

Z. Spitalsky, M. Trchova and J. Stejskal, Synth. Met., 2014,
192, 37–42.

33 J. Stejskal, P. Bober, M. Trchová, J. Horský, J. Pilař and
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A. Sperlich, V. Dyakonov and Z. Zujovic, J. Solid State
Electrochem., 2015, DOI: 10.1007/s10008-015-2838-3.

37 S. Havriliak and S. Negami, Polymer, 1967, 8, 161–210.
38 C. H. B. Silva, D. C. Ferreira, V. R. L. Constantino and M. L. A.

Temperini, J. Raman Spectrosc., 2011, 42, 1653–1659.
39 S. R. Surwade, V. Dua, N. Manohar, S. K. Manohar, E. Beck

and J. P. Ferraris, Synth. Met., 2009, 159, 445–455.
40 I. M. Khan and A. Ahmad, J. Mol. Struct., 2010, 975,

381–388.
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