On the enhanced sedimentation stability and electrorheological performance of intelligent fluids based on sepiolite particles
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Abstract
Electrorheological fluids are intelligent materials with the potential for use in a breadth of applications. However, their utilization has been restricted due to poor sedimentation stability and limited performance in the presence of an electric field. Our study investigates the possibility of employing sepiolite particles with their thickness in nanometres to enhance the sedimentation stability of electrorheological fluids. Indeed, the high aspect ratios of such particles have the potential to heighten any electrorheological effect. The rheological properties of the fluids were gauged via steady shear and oscillatory shear tests, in the absence or presence of an external electric field. The electrorheological performance of the systems was further analysed with the aid of dielectric spectroscopy. A test sample containing the greatest amount of sepiolite particles (15 wt%) in a silicone-oil based system was observed to create a solid gel-like structure that completely suppressed sedimentation of the particles; thus, its sedimentation ratio after 200 hours was equal to 1. Viscoelastic moduli obtained during measurements for amplitude sweep in the absence of an electric field confirmed a certain extent of elastic behaviour, while the resultant structure exhibited a relatively solid characteristic.
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1. Introduction 
Electrorheological fluids (ERFs) are defined as smart materials able to change in rheological properties via application of an external electric field. These fluids generally comprise systems of electrically polarizable particles dispersed in an insulating carrier fluid, such as silicone or mineral oil. Under standard conditions, i.e. in the absence of an electric field, the particles are randomly dispersed within the carrier fluid, although they instigate creation of an organized, chain-like internal structure after an electric field is applied. The latter is macroscopically represented by alteration in state from a Newtonian liquid to a Bingham plastic that exhibits a certain level of yield stress, which is considered an important parameter in electrorheology (1, 2). The aforementioned structure is formed between electrodes due to dipole–dipole interactions, causing a rise in viscoelastic moduli and viscosity; the changes are reversible, repeatable and rapid in response (3, 4). 
[bookmark: __DdeLink__1009_1235062801]Evidently, ERFs are unique materials and potentially useful in numerous applications, such as hydraulic valves and clutches, torque transducers and various hydraulic damping systems (5, 6). In spite of all the benefits these smart materials offer, some limitations still exist that hinder their wider utilization, namely restricted performance in the presence of an electric field and poor sedimentation stability. Therefore, we decided to investigate the possibility of enhancing the sedimentation properties of ERFs by employing sepiolite particles to this end. 
[bookmark: __DdeLink__1039_1235062801][bookmark: __DdeLink__1028_1235062801][bookmark: __DdeLink__1007_1235062801][bookmark: __DdeLink__988_1235062801]Sepiolite is a type of layered, fibrous clay mineral composed of hydrated magnesium silicates, which constitute its crystalline structures, consisting of two sheets of tetrahedral silica (SiO4 −) linked by oxygen atoms to sheets of octahedral magnesium (MgO6 4−). These tetrahedral and octahedral sheets form blocks which grow alternately up in the fibre direction with tunnels together. The discontinuity of the external silica sheets arises and leads to huge specific surface area (7). All inner blocks are connected to neighbouring ones with a set of Si–O–Si bonds. However, the bonds Si–OH are formed at the surface of outer blocks and as a result of this creation, sepiolite becomes an efficient adsorbent of organic molecules (8, 9). Thus, a substantial connection between sepiolite particles and silicon oil is found and can further cause a formation of internal gel network which seems to be particular interesting in terms of sedimentation stability (10-12). As it was mentioned above, improving the sedimentation stability is one of the necessary parameters for ERFs suitable for everyday use. Sepiolite belongs to the group of typical natural materials and it could be one of the other reasons why to deal with it. Specifically, utilization of pure sepiolite particles has not been properly investigated in the field of ER yet.
[bookmark: __DdeLink__2555_3349037199][bookmark: __DdeLink__2557_3349037199][bookmark: Bookmark101][bookmark: Bookmark121]Comparing the ER behaviour of ERFs based on montmorillonite, sepiolite or laponite revealed that a sample based on sepiolite particles exhibited the highest static yield stress, 0, due to the high aspect ratio of said particles (13-15). Sepiolite was also utilized as a substrate to prepare a polyaniline composite, resulting in of the favourable conductivity of polyaniline and the morphology of the composite particles, the latter caused by the high aspect ratio of the sepiolite particles (15). In addition, sepiolite particles possess relatively low density, which in parallel with interactions between the particles can engender significant sedimentation stability in ERFs in the off-state. Sepiolite has also been used as an additive in another type of field-responsive system, i.e. a magnetorheological suspension. Therein, it either serves as a thickening agent to heighten the sedimentation stability of such a system (16) or as an agent to aid formation of an internal gel-like structure, resulting in a stable system boasting almost suppressed sedimentation (17). 
The primary goal of this study was to prepare ERFs based on a dispersed phase, which could serve as an active ER material and as a thickening agent at the same time leading to outstanding long-term stability of the prepared ERFs. According the literature review sepiolite particles are suitable candidates and, thus, ERFs based on sepiolite particles at various concentrations were prepared and their ER performance was evaluated considering both their ER performance and sedimentation stability.
2. Experimental part
2.1 Characterization of the particles and preparation of the electrorheological fluids
Commercial sepiolite particles (Sigma-Aldrich, USA, ~13% Mg) were employed as the clay material for the ERFs. The size and morphology of the particles were observed by scanning electron microscopy (SEM; Nova NanoSEM 450, FEI, USA). For SEM, a small amount of the particles was stirred in ethanol, sonicated and dropped onto an aluminium film in order to obtain well homogenize sample. They were dried at 80°C and mixed with silicone oil (Lukosiol M200, Chemical Work Kolín, Czech Republic; dynamic viscosity = 194 mPa s at 25°C) at particle concentrations of 5, 10, and 15 wt% in order to create ERFs based on silicone oil. Since homogenization of the heterogeneous systems is crucial from the point of their properties (18), these ERFs were homogenized on an Ultrasonic processor (UP400S, Hielscher, Germany) at amplitude of 35 % with 0.4 cycle/minute. Prior to taking each measurement, the ERFs were intensively stirred with a glass stick for circa 5 minutes. The test for sedimentation stability comprised visual measurement with a glass tube. Herein, the results are expressed as the sedimentation ratio x0/x, where x0 and x represent the original height of the ERF and its height after a certain period of time, respectively.

2.2 Rheological measurements
Electrorheological properties were gauged on a Bohlin Gemini rotational rheometer (Malvern Instruments, UK), set up with plate–plate geometry (20 mm in diameter with a gap of 0.5 mm) in the presence of an external electric field at the strengths of 0, 1, 2 and 3 kV mm–1; these were generated by a DC TREK high-voltage DC power supply (TREK 668B, USA). We measured ER properties of the prepared ERFs by applying modes of controlled shear rate (CSR) and controlled shear stress (CSS). Except for tests in the absence of an external electric field, an electric field was applied 1 minute prior to each measurement to provide sufficient time for organization of the equilibrium chain-like internal structures within the system. Following the measurement procedure in the presence of the external electric field, the system was sheared for 1 minute at the shear rate of 20 s–1 in order to destroy any possible residual structures. In the CSS mode, a steady-state shear stress value for each ERF was obtained at the constant shear rate of 100 s–1, which was then used as the maximum for the stress ramp. Furthermore, the viscoelastic behaviour of the investigated ERFs was evaluated via dynamic oscillation experiments; firstly, an amplitude sweep test was carried out at the fixed frequency of 1 Hz to determine the linear viscoelastic region (LVR), next a frequency sweep test was performed in the frequency range 0.1–10 Hz at strain 0.003.
2.3 Dielectric properties
[bookmark: Bookmark131]The dielectric properties of the prepared ER fluids were gauged on an impedance dielectric spectroscopy analyser, a Novocontrol Concept 50 (Novocontrol, Germany), across a frequency range of 0.01 Hz to 10 MHz. The dielectric spectra were analysed, applying the equation for the Havriliak–Negami model, wherein the asymmetry of the relaxation peak was more properly fitted (19):
 ,	(1)
where  is the complex permittivity; the dielectric relaxation strength, , is defined as the difference between  and , which represent permittivity at zero and infinite frequencies, respectively;  is angular frequency (2);  is relaxation time; and a and b are shape parameters which describe the asymmetry of the dielectric function.
3. Results and Discussion
Figure 1 depicts a SEM image of the sepiolite particles confirming their needle-like (fibrous) morphology with the aspect ratio of about 40. A diameter and length of the particles are about 0.04 μm and 1.7 μm, respectively. Due to their large surface area, however, the particles have tendency to aggregate and, thus, some clusters of aggregates can be found. Nevertheless, as mentioned above, the needle-like (fibrous) structure of the particles leads to their high aspect ratio which is highly desirable for ERFs, as previous research (20, 21) has revealed that ERFs containing particles with a high aspect ratio exhibit superior ER behaviour to those with spherical particles. It has been reported that particles with aspect ratio 4 exhibit about 3 times higher yield stress than the spherical particles made of the same material (21), and further when aspect ratio is increased to 25, six times higher yield stress of ER fluid is observed (20). Noh et al. has dealt with the comparison of ERFs composed of rod-like particles and spherical ones and explained, that in the case of rod-like particles with the high aspect ratio, upon the external electric field, the dipole moment is concentrated at the end of the axis of the particle geometry when compared to spherical particles. Therefore, this effect forms much stronger dipole-dipole interactions between the particles which are able to resist hydrodynamic forces leading to a stronger ER effect (22). 
[image: ]
Fig. 1. SEM images of the sepiolite particles.
Although there are mentions about formation of gel structures formed by clay particles within an oil, since in our study there is no evidence about formation of a gel, it was decided to further use a term “gel-like” while commenting on properties on the prepared ERFs due to transition into solid-like systems (10, 11). Figure 2 displays the ER behaviour of the prepared ERFs based on sepiolite particles as tested in CSR mode. In the absence of an electric field, the systems exhibited pseudoplastic behaviour caused by gel-like structure of the prepared ERFs, which was gradually destroyed due increase in shearing, leading to reduction in viscosity. Even though a high level of pseudoplasticity is undesirable for ERFs not exposed to an electric field (Newtonian behaviour is favourable), creation of the internal gel-like structure can hinder sedimentation of the particles, thereby resulting in a stable ERF wherein such sedimentation can be completely suppressed. The same approach has been successfully employed for magnetorheological suspensions, recently (17). In this study, however, the sepiolite do not only present the thickening agent responsible for suppression of sedimentation, but at the same time it serves as the active dispersed phase responsible for forming the internal chain-like structures upon application of an electric field.
Thus, after an application of an electric field, shear stress values () rises in line with increase in the intensity of the electric field. At low shear rates electrostatic forces predominate within the ERF represented as a plateau region of Figures 2a-c)which gradually disappears at higher shear rates as a result of distortion of the formed internal structures when hydrostatic forces start to dominate. It can be further seen, that under stronger electric fields (2, 3 kV mm−1), a slight decrease in  occurs as a consequence of the reorientation of the internal structure within the system (Figure 2b, c), which is commonly observed for ERFs (6).
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Fig. 2. Log-log shear stress on the dependence of shear rate (controlled shear rate mode) for ERFs containing sepiolite particles at the concentrations of 5 wt% (a), 10 wt% (b) and 15 wt% (c) in the absence (squares) and in the presence of electric fields of strength 1 kV mm−1 (circles), 2 kV mm−1 (upward triangles) and 3 kV mm−1 (downward triangles).

[bookmark: Bookmark181]Yield stress value, defined as the stress that a material can withstand before an onset of macroscopic flow, is one of the most important rheological characteristics of ERFs. From a steady shear test in CSS mode it is possible to determine values for 0. Herein, the last value measured for shear stress before shear rate increased by a few orders of magnitude was taken as the value for 0. As detailed in Table 1, the ERFs based on sepiolite particles exhibited a certain level of 0 (both in the presence and absence of an electric field), which increased considerably in line with higher concentrations of the particles. Table 1 also shows that the greater the applied electric field, the higher 0 was observed due to stronger polarization among the particles occurring in the ERFs. When 0 was exceeded, i.e. breakage of the internal structure through the domination of hydrodynamic forces, the system started to flow. The highest 0 in a presence of an electric field was, as predicted, observed for the sample containing 15 wt% since more robust chain-like structures were formed (23). Nevertheless, the prepared ERFs exhibited certain 0 even in the absence of an electric field (Table 1), where the 0 for the ERFs with 5 wt%, 10 wt%, and 15 wt% of sepiolite particles equalled circa 1.0 Pa, 1.2 Pa, and 37 Pa, respectively. The inherent 0 of the ERFs may reflect solid-like state of the systems even in the absence of an electric field and thus lead to their long-term stability; moreover, the low inherent 0 values of the ERFs with lower particle concentration can be favourable since it should not overtly influence the ER efficiencies of the ERFs, unlike the ERF containing 15 wt% (Fig. 3).




Table 1 Static yield stress for the prepared ERFs containing 5 wt%, 10 wt% and 15 wt% of sepiolite particles in the presence or absence of an electric field.
	
	Static yield stress, τ0 (Pa)

	
	Concentration of the sepiolite particles

	Electric field strengths, E
(kV·mm−1)
	5 wt%
	10 wt%
	15 wt%

	0
	~1.0
	~1.2
	~37.0

	1
	~2.3
	~4.3
	~66.0

	2
	~7.8
	~10.0
	~66.6

	3
	~11.2
	~21.5
	~70.0



[bookmark: Bookmark23][bookmark: Bookmark201]ER efficiency (e) is frequently employed to depict relative increase in a rheological parameter due to the ER-associated behaviour of the samples (1), i.e. it represents the difference in viscosity arising through the presence of an electric field. From the perspective of applicability, the greater the increase in viscosity of the system after applying the electric field, the better the outcome. The value for e can be calculated by the Equation (2):
	,	(2)
[bookmark: Bookmark211]where  is viscosity in the presence of an external electric field and  is viscosity with no such field present (24).
Figure 3 shows the dependences of e on the shear rate for all the ERFs under investigation at the electric field strength of 3 kV mm−1. The values for e are considerably greater at low shear rates than otherwise as electrostatic forces dominate at such rates, overpowering hydrodynamic influences. The ERF based the on 5 wt% concentration exhibited the highest value for e, caused by its far lower viscosity in the absence of an electric field compared with the ERFs with greater concentrations of sepiolite particles. Thus, even though the ERF with the highest concentration of sepiolite particles exhibited the highest values for  in the presence of an external electric field, its high field-off viscosity caused that its e were lower than those for the aforementioned 5 wt% ERF. Therefore, heightening particle concentration any further does not lead to a rise in e, owing to the high increase in viscosity in the absence of an electric field (1, 25). Hence, from the practical point of view it is important to prepare an ERF with low inherent  that can ensure the sedimentation stability of the system, yet no significant decrease in the values for e of the system.
[image: ]
Fig. 3. Dependence of e on the shear rates for the ERFs with concentrations of sepiolite particles at 5 wt% (squares), 10 wt% (circles) and 15 wt% (diamonds) in the presence of an electric field at the strength of 3 kV mm−1.

From a practical point of view, the behaviour of ERFs under conditions of oscillation load is also of immense interest, since such applications primarily require that fluids are strained dynamically. A transition from a liquid to a solid‐like state initiated by applying an external electric field is well described via viscoelastic moduli; e.g. storage modulus (G′), which characterizes the elastic component and loss modulus (G″), delineating the viscous component of the viscoelastic material, respectively.
Figure 4 shows the dependences of G′ and G″ on strain (γ) for the ERFs in the absence of an external electric field. Evidently, the sample based on sepiolite particles at the concentration of 5 wt% exhibited significantly higher values for G″ in comparison with G´ confirming that this ERF behaved as a liquid-like system. Nevertheless, G´ exceeded G″ in systems with higher concentrations of sepiolite particles within the LVR. This finding confirmed that to some extent internal structures have been created from sepiolite particles within the silicone oil leading to gel-like behaviour of the sample, giving rise to the development of stiff structures which additionally enhanced the sedimentation stability of these ERFs to a great extent; as discussed later in this research paper.
[image: ]
Fig. 4. Dependence of storage modulus (solid symbols) and loss modulus (open symbols) on strain for the ERFs containing sepiolite particles at the concentrations of 5 wt% (squares), 10 wt% (circles) and 15 wt% (diamonds) in the absence of an electric field.

As mentioned above, it is crucial to have data on the viscoelastic moduli in the LVR and be aware of any dependence on frequency to understand the behaviour of ERFs under a dynamic load. Figure 5 details such dependence for G´ and G″ of the investigated ERFs in the presence of an external electric field at the strength of 3 kV·mm−1. Clearly, G´ prevailed over G″ for all three concentrations, showing increase in viscoelastic moduli values of several magnitude in comparison with performance in the absence of an electric field (especially the ERF sample containing 15 wt% of sepiolite particles). This behaviour confirms that a transition occurred from a liquid to solid-like state, persisting over a broad range of frequencies.
[image: ]
Fig. 5. Dependence of storage modulus (solid symbols) and loss modulus (open symbols) on frequency for the ERFs at sepiolite particle concentrations of 5 wt% (squares), 10 wt% (circles) and 15 wt% (diamonds) in the presence of an electric field of strength 3 kV·mm−1.
[bookmark: Bookmark271]Since the interfacial polarization of an ERF is assumed to be a phenomenon responsible for their ER behaviour, the dielectric spectroscopy was used as an evaluative and complimentary tool to supplement the results obtained from measuring the ER behaviour of the samples. It is known that a (the point where  reaches a maximal value in its frequency dependence) should lie between 102 and 105 Hz (3, 26), and dielectric relaxation strength would be high in order for an ERF sample to possess a substantial ER effect (27). Therefore, the dielectric properties of the prepared ERFs were investigated for comparison purposes and the Havriliak-Negami model was applied to the raw measured data to discern dielectric parameters (see Table 2): (i) the  column which describes the rate of interfacial polarization and (ii)  which constitutes the extent of electrostatic interaction between the particles and silicone oil. In the case of the ERF based on 10 wt% of sepiolite particles,  was found to be 2.5 times higher than the sample with 5 wt%. Additionally, the maximum value at the peak of the curve for  is significantly higher for the former (10 wt%), hence its greater effect on ER. While, the ERFs containing 5 wt% and 10 wt% of sepiolite particles exhibits clear interfacial polarization represented as a peak in  dependence on frequency. For the ERF containing 15 wt%, however, no clear peak can be seen probably due to electrode polarization distorting the data. The measured data was therefore recalculated into loss modulus, M´´ involving both and in one curve. Even though the position of the peaks in this case does not reflect the exact , its shift shows, that with increasing concentration of the particle the  moves to higher frequencies which is favourable for higher ER effects.
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Fig. 6. Real (a) and imaginary parts (b) of the dependence of complex permittivity on frequency for the ERFs with sepiolite particle concentrations of 5 wt% (squares), 10 wt% (circles), and 15 wt% (diamonds); the solid lines represent the fit of the Havriliak–Negami model.
[image: ]
Fig. 7. Loss modulus dependency on the frequency for prepared ERFs with sepiolite particle concentrations of 5 wt% (squares), 10 wt% (circles) and 15 wt% (diamonds).

Table 2 Dielectric parameters for the ERFs with 5 wt% and 10 wt% of sepiolite particles obtained from the Havriliak–Negami model.
	Concentration of particles
	
	
	
	trel (s)
	a
	b

	5 wt%
	4.98
	3.14
	1.84
	1.01×10–2
	0.34
	0.94

	10 wt%
	7.51
	2.99
	4.52
	3.90×10–2
	0.36
	0.81



The poor sedimentation stability of ERFs remains an issue, limiting their use in real world applications, since the particles they contain are higher in density than those in carrier fluid. This was why we decided to evaluate the sedimentation stability of our ERFs based on sepiolite particles at the three given concentrations.
As Figure 8 shows, the 5 wt% ERF demonstrated a sedimentation ratio of 0.75 after 200 hours of rest, while the 10 wt% ERF exhibited significantly enhanced stability, with a sedimentation ratio of 0.93 within the same time frame. Moreover, as we had anticipated, increasing the level of sepiolite particle concentration (herein referring to the sample of ERF containing 15 wt% of sepiolite particles) brought about the extraordinary sedimentation ratio of 1. Thus we deduced that the sepiolite particles had formed a gel network within the silicone oil, meaning each sample must have possessed a certain internal 0 even in the absence of an external electric field, thereby hindering sedimentation of the particles. However, as previously mentioned, it is important to find a balance between a superior sedimentation ratio and the level of e that corresponds with the intended application. Utilizing sepiolite particles as a dispersed phase in ERFs shown the possibility to use a dispersed phase, which could act as ER active phase and at the same time thickening agent leading to a suppression of sedimentation of the particles. In the next step, a heterogeneous ERF could be prepared where a dispersed phase would be created with similar thickening agent leading to a formation of the gel-like structure suppressing the sedimentation and conducting particles increasing its ER effect, as it has been recently demonstrated for MR fluids (17).
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Fig. 8. Sedimentation stability of the ERFs containing 5 wt% (squares), 10 wt% (circles) and 15 wt% (diamonds) of sepiolite particles.
4. Conclusions
This study focused on enhancing the sedimentation stability of ERFs by utilizing clay materials as a dispersed phase. The systems under investigation were prepared by mixing the sepiolite particles with silicone oil at particle concentrations of 5 wt%, 10 wt% and 15 wt%. The sepiolite particles in the silicone oil formed a solid gel-like structure with internal static yield stress even in the absence of an external electric field, which consequently enhanced sedimentation stability. The sedimentation ratio was found to be 0.75, 0.93 and 1 for the ERFs containing 5 wt%, 10 wt% and 15 wt% after 200 hours, respectively, which confirmed suppression of sedimentation for the latter ERF sample with the highest loading. Increasing the concentration of the particles augmented the magnitude of the effect on ER, the values for static yield stress equalling 11.2, 21.5 and 70.0 Pa at an electric field strength of 3 kv mm–1, respectively.
In contrast, the highest efficiency of ER was observed for the ERF containing 5 wt% of the sepiolite particles, while the 15 wt% sample showed the lowest, explained by the fact that the higher the amount of particles in the system, the greater the internal static yield stress of the ERFs when not exposed to an electric field. The presence of the gel-like behaviour of the prepared ERFs based on 10 and 15 wt% was further confirmed by oscillation measurement. Carrying out dielectric spectroscopy revealed that the ERFs exhibited similar relaxation times, nevertheless, dielectric relaxation strength was higher for the ERF sample with 10 wt% of sepiolite particles than that containing 5 wt%. In summary, ER performance and sedimentation stability can be tailored by the concentration of sepiolite particles. However, aiming to obtain a system with the greatest sedimentation stability can lead to an undesirable decline in ER efficiency.
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