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Abstract 

 

Ionic liquids (IL) have been recently proposed as carrier for magnetorheological (MR) 

fluids. Their special properties, such as low vapor pressure and high thermal stability, 

make IL a perfect dispersing media to increase the broad range of technological 

applications that magnetorheological fluids already have. It has been just reported that 

using IL as carrier in MF fluids an improvement in the colloidal stability and suspension 

redispersibity is obtained. In this work the magnetorheological behavior of highly 

concentrated suspensions in IL is studied. Two kinds of suspensions were analyzed: 

using an ionic liquid of low conductivity and a classical mineral oil as carriers. In both 

cases silica-coated iron microparticles were used as solid phase, being the solid volume 

concentration of 50 % vol. A complete magnetorheological analysis focused on the wall 

slip phenomenon was performed. Viscositmetry and oscillatory experiment were carried 

out. In order to study wall slip effects, all experiments were performed with a plate-plate 

system, using both smooth and rough measuring surfaces. An interesting effect of wall 

slip phenomenon was observed when experiments were performed using smooth 

surfaces. The novelty of this paper is based on two factors, the use of IL as carrier to 

prepare MR fluids and the analysis of wall slip phenomena. 

 

1. INTRODUCCTION 

 

Magnetorheological fluids are suspensions of magnetic microparticles in a carrier 

liquid that present the possibility of modifying their rheological properties by applying a 

magnetic field [1-4]. Their most important characteristic, called magnetorheological 

(MR) effect, is the appearance of a yield stress under magnetic field application [5]. 

Because of the broad range of technological applications that these materials have, 

which go from electronic devices [6] or shock absorber systems  [7-9] to their use in 

biomedicine [10-12], intense research efforts have been paid to MR fluids. In the last 

decade an increasing number of works focused on solving the problems that MR fluids 

recently present (particle aggregation, long-time stability, redispersibility of magnetic 

particles, higher MR effect, etc.) have been published [13-19]. Nevertheless, some these 

problems still remain unsolved, and the development of new highly stable MR fluids 

with a remarkable MR effect is nowadays a priority research field.  

Using Ionic Liquids (IL) as carrier liquid for MR fluids has been recently proposed 

to obtain more stable MR fluids [20].  IL liquids are substances entirely composed by 

ions which are in the liquid state at ambient temperature [21-22]. These fluids present a 



large number of advantages for their use as carriers in MR fluids: low vapor pressure, 

non-flammability, high thermal stability, no-corrosive nature and biodegradability [23-

26]. Although some characteristic of IL are still unknown [27], in ref. [20] it was clearly 

pointed out an improvement in the stability of the MR suspensions when IL were used 

as liquid carrier, without the necessity of using surfactant or others additives to stabilize 

the suspensions [28, 29]. In a previous work [30] we demonstrated that a good colloidal 

stability and redispersibility was reached when a low conductivity ionic liquid was used 

as carrier liquid and silica coated iron particles as solid phase. Furthermore, it was 

observed that when these materials were used to prepared MR suspensions more 

ordered magnetic structures were formed under magnetic field application. Based on the 

above it could be stated that IL represent an promising alternative to improve the 

properties of MR fluids, though not too much work have been published on this topic up 

to now [31-36].  

In this work, the MR behavior of these new IL-based MR fluids is studied. Steady 

state and oscillatory measurements are performed.  In both cases, the MR experiments 

are focused on the study of the wall slip phenomenon. Wall slip occurs because of the 

displacement of the disperse phase away from the solid boundaries, leaving a lower-

viscosity layer of liquid (named slip layer) close to measuring surfaces [37, 38]. Wall 

slip may alter the determination of the rheological parameters, so, the knowledge of the 

slip layer properties and wall slip effects is quite important in order to characterize 

correctly the rheological behaviour of the suspensions. It is well known that wall slip 

provokes an underestimation of suspension viscosity and even it could give false 

thixotropy [38]. The use of measuring systems with rough surfaces has been, up to now, 

the best option to avoid wall slip effects [39-41]. So, in this work, a plate-plate measure 

system with two types of surfaces (smooth and rough) is used. All the results are 

compared with those obtained for a classical MR suspension, in which the liquid carrier 

is a typical mineral oil. 

 Although wall slip phenomenology and its effects are well known since years [37, 

39, 42-46], studies regarding their effects in MR suspensions have not been published. 

This work represents, up to our knowledge, the first preliminary analysis about wall slip 

in highly stable MR fluids. It is worth mentioning that scientific community should 

become aware about the importance of such phenomenon; in order avoid its undesirable 

effects. Future works about this topic are expected in the next years. 

 

2. EXPERIMENTAL METHODS 

 

2.1 SUSPENSION PREPARATION  

 

The MR analysis was performed for suspensions containing 50 % vol. of silica 

coated iron particles (Fe-CC particles) supplied by Basf, Germany. The solid 

concentration is so high because the higher it is, the more important wall slip effects are. 

Wall slip effects will be more important as the solid volume concentration in the 

suspensions and particle size increases, although the slip layer in these cases was 

thinner [37]. 

The mean diameter of the particles used is 1.4 ± 0.6 m and their density is 4.1 

g/m3. Their saturation magnetization is 870.9 ± 1.4 kA/m. These particles were used to 

prepare two kinds of suspensions, using an ionic liquid or a mineral oil as dispersing 

media. As ionic liquid, 1-ethyl-3-methylimidazolium diethylphosphate, called IL-EMD 

from now, was used (Viscosity 317 ± 16 mPa·s and density 1.14 g/cm3). It was chosen 

because it has been recently proved that the suspensions in this carrier present a higher 



stability and a lower aggregation degree that when a mineral oil or other ionic liquids 

are used [30]. The conductivity of the IL-EMD is 0.66 mS/cm. To compare the results 

with those obtained for a conventional MR fluid, a suspension in a typical (MO) mineral 

oil (density and viscosity at 20 ºC: 0.85 g/cm3 and 39.58 ± 0.16 mPa·s, respectively) 

was also studied. Suspensions were prepared in the same way that it is described in ref. 

[30]. It is interesting to note that IL-based suspensions must be manipulated with special 

care, since IL tend to absorb water from atmosphere [33, 24]. 

 

 

2.2 RHEOLOGICAL EXPERIMENTS 

 

To carry out the MR analysis a controlled stress magnetorheometer (MCR300 

Physica-Anton Paar) was used. The measuring system employed was a plate-plate 

geometry with a gap of 0.35 mm. All the measurements were performed at 25ºC. 

Although the width gap has not been varied in this work it should be mentioned that as 

narrower it is, the effect of the slip layer will be higher [38]. Both, steady state and 

oscillatory experiments were carried out. Before each measurement, the suspension was 

subjected to a shear rate ramp from 0 to 100 s-1 during a minute. After that the 

suspension was kept at rest during 30 s. At the beginning of this waiting time the 

magnetic field was applied in those cases in which it was necessary. In the case of 

steady state measurements, a logarithmic shear rate ramp, from 0 to 500s-1, was applied 

and the corresponding viscosity and shear stress were measured. For the oscillatory 

study, we applied an oscillatory stress with amplitude in the range 0.1-500 Pa, and a 

frequency of 1 Hz. The evolution of the viscoelastic moduli was obtained as a function 

of the stress amplitude. Furthermore, the evolution of the viscoelastic moduli with the 

frequency was also analyzed. The frequency was varying in the range 25-100 Hz with a 

constant stress applied of 2 Pa, which belongs to the viscoelastic linear region (VLR) 

for all the suspensions studied. For both, steady state and oscillatory measurements, the 

magnetic field applied was varied in the range 0-39.9 kA/m.  

To apply the magnetic field a special coil was designed. The magnetic field 

generated by the magnetorheometer device is not completely homogenous in the 

measuring region [47, 48], since the sample is located just on the coil. As suspensions 

have a really high magnetic particle concentration, the magnetic field gradient throws 

the suspension out the plates. In our case, the special coil designed was situated just 

around the sample, in this way the measuring region occupied just the centre of the coil. 

Using this configuration the magnetic field was more homogeneous in the measuring 

region and no expulsion was observed. 

As it is explained above, this work is focussed in the study of wall slip, so, to avoid 

the influence of such phenomena in the determination of the MR parameters, measuring 

plates with two kinds of surfaces, smooth and rough, were used to carry out the MR 

experiments. In figure 1 a sketch of the rough geometry can be observed. The pitted size 

is 0.5 mm. 

                   
  

Figure 1. Sketch of the rough geometry.  

   



 

 

3. RESULTS AND DISCUSSION: MAGNETORHEOLOGICAL ANALYSIS 

 

3.1 VISCOSIMETRY 

 

3.1.1 Viscosity analysis 

 

Firstly, we are going to analyze the effect of wall slip phenomena in the viscosity of 

the suspensions prepared. In figure 2 the viscosity of both kinds of suspensions is shown 

as a function of the shear rate in the absence (figure 2a) and in the presence (figure 2b) 

of a magnetic field applied. Full and empty symbol correspond with smooth and rough 

surfaces respectively. As we can observe in that figure, for both suspensions studied 

(Fe-CC in MO and Fe-CC in IL-EMD), the obtained viscosity was higher when it was 

measured by means of plates with rough surfaces than when plates with smooth surfaces 

were used. Curves obtained with smooth surfaces presented changes in their curvature, 

while these changes are not presented using rough surfaces. This effect happens at low 

shear rate values, before the flow of the suspensions and before the decrease of the 

viscosity due to microstructural changes in the suspensions [37].  
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Figure 2. Viscosity as a function of the shear rate for suspensions of Fe-CC ( = 50 % 

vol.). The carrier liquids and the geometries used are indicated in the graph. (a) Happlied = 

0 kA/m, (b) Happlied = 39.9 kA/m. The lines in (a) represent the K-D prediction (see 

equation 1). 

 

The viscosity underestimation (using smooth surfaces) is a consequence of the 

existence of wall slip. This phenomenology is a result of the formation of a slip layer 



near the measuring surfaces [39, 40]. In this layer the particle concentration is lower and 

then the viscosity measured is also lower than its actual value with respect to the 

suspension bulk. Figure 3 shows a sketch of how formation of slip layer takes place. 

Some interactions (hydrodynamic, viscoelastic, steric) are restricted due to the presence 

of the wall, and then the slip layer is formed.    

 

 
Figure 3. Sketch of slip layer formation. 

 

Furthermore, it is important to take into account that slip layer formation is enhanced 

by the effect of gravity, since plate-plate geometry is being used, and particles are 

supposed to leave the region close to the upper plate. In ref. [39] it was demonstrated 

that even at the lower time involved in a typical rheological experiment, the effect of the 

gravity on the slip layer can be noticeable.  

On the other hand, in figure 2b it can be observed that under magnetic field 

application the differences between the viscosity curves obtained for different 

suspensions and measuring surfaces disappear, and all the curves overlap. The slip layer 

disappears due to the formation of magnetic field-induced particles structures in the 

suspensions. The interaction between such particles structures and the plates of the 

measuring system is considerably high [38]. This is the reason because, when a 

magnetic field is applied, approximately the same results are obtained using the smooth 

or rough surfaces. 

 Moreover, in figure 2a two lines corresponding to the theoretical prediction for the 

viscosity of the suspensions following the Krieger-Dougherty (K-D) equation have been 

added [49]: 
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where m is the maximum packing solid volume fraction (for hard spheres: 0.63-0.64) 

and [] is the intrinsic viscosity (2.5 for spheres) [50]. As we can observe (figure 2a), 

the experimental viscosity obtained for the suspension in IL-EMD is closer to the 

theoretical prediction than that of the suspension in MO. This fact is in agreement with 

the previous results [30] where it was demonstrated the higher aggregation degree of the 

latter suspension.  

 

3.1.2 Magnetorheological analysis 

 

Flow curves were measured for both kind of suspensions and surfaces, in the 

absence and in the presence of magnetic field with different intensities. Although the 

representations of the shear stress vs. shear rate are not shown here for brevity, it is 

important to note that both suspensions (Fe-CC in MO and Fe-CC in IL-EMD) 

presented a typical MR behavior: the yield stress increased with the intensity of the 

applied magnetic field. Furthermore, it is important to take into account that at zero field 

and low shear rate, changes in the curvature of the flow curve are observed when plates 



with smooth surfaces were used to perform the measurement (similar that in the 

viscosity determination). This effect is also a consequence of the presence of the wall 

slip phenomena. To analyze this effect more deeply in figure 4a and 4b the static and 

the dynamic yield stress are plotted as a function of the magnetic field applied.  Equals 

as in figure 2 the results are shown for both surfaces and geometries studied. The values 

of the static yield stress were obtained from double-logarithmic plots of the flow curves; 

while the values of the dynamic yield stress were obtained by fitting to the flow curves 

the Bingham model [50].  
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Figure 4. Static yield stress (a) and dynamic yields stress (b) as a function of the 

magnetic field intensity for suspensions containing Fe-CC particles ( = 50 % vol.). The 

carrier liquids and the geometries used are indicated in the graph. 

 

The most interesting aspects in figure 4a are the differences obtained when rough 

plates were used instead of smooth plates. As it can be observed, such differences are 

more important in the absence of the field or at low magnetic fields (<15 kA/m). For 

example, in the absence of magnetic field, when rough surfaces were used, the obtained 

static yield stress increases (with respect to that obtained when smooth surfaces were 

used) from 44 to 326 Pa and from 2 to 12 Pa for the suspensions in MO and IL-EMD, 

respectively. In these cases, the slip layer had a notable effect. The lower particle 

concentration in the slip layer provoked an underestimation of the static yield stress, 

when measurements were performed using smooth surfaces. Furthermore, when the 

magnetic field intensity increased such differences disappeared progressively, due to the 

formation of magnetic structures that eliminated the slip layer. Finally, in figure 4a it 

can be observed that, even in the absence of applied magnetic field, the suspension in 

MO developed a high static yield stress: Values of 326 and 44 Pa were obtained with 



rough and smooth surfaces, while in the case of IL-EMD suspension these values are of 

13 and 2 Pa. This result is in agreement with our previous observations [30] and it is a 

consequence of the higher aggregation degree of suspension in MO. 

 

On the contrary, in figure 4b the most relevant feature is the fact that there are not 

differences between the curves obtained using different measuring surfaces (smooth and 

rough). This is quite logical, since the dynamic yield stress represents the point at which 

all the structures induced by the magnetic field are broken [51]. When the suspension 

flows, it is expected that the slip layer does not exist, and thus there will not be 

differences between both kinds of geometries [37]. Here, it is also important to point out 

the great interest of highly concentrate suspensions in applications where it is necessary 

an important MR response. When a small magnetic field is applied (around 40 kA/m), a 

dynamic yield stress of 1000 Pa can be obtained with suspensions containing a 50 % 

vol. of iron particles.  

 

3.2 OSCILOMETRY 

 

The MR behavior of the suspensions in oscillatory regimen was also studied. To be 

precise, the evolution of the viscoelastic moduli with the amplitude of the oscillatory 

stress and with the frequency was analyzed. The study was performed in the absence 

and in the presence of applied magnetic field, and for both kinds of suspensions (Fe-CC 

in MO and Fe-CC in IL-EMD) and measuring surfaces (smooth and rough). The 

dependence of the storage (G’) and loss (G’’) moduli with the amplitude of the stress 

for the different magnetic field applied is not shown because of brevity, but it must be 

remarked that the behavior obtained in all the cases was the typical of a viscoelastic 

fluid. The viscoelastic moduli present an initial plateau, which corresponds to the 

viscoelastic linear region (VLR) followed by a sharp decrease, that represents the 

beginning of the non-linear viscoelastic region. The characteristic stress at which this 

change happens, because of the rupture of the three-dimensional structures present in 

the suspension, is named critical stress, and here will be denoted by c. As the magnetic 

field was increased, the magnetic structures induced in the suspensions were stronger. 

As a consequence, the critical stress and the values of G’ and G’’ increased too. It is 

also interesting to note that the storage modulus was always higher than loss modulus, 

which means that the suspensions had a dominant elastic response. Nevertheless, it is 

important to take in account that the viscous response of the suspensions was not 

negligible. There are different theories for explaining the increase of the loss modulus 

with the magnetic field in MR fluids. In ref. [52] the authors proposed that the chains of 

particles that are not in contact with the two plates of the measuring system are 

responsible for the high viscous response of the suspensions. On the other hand, authors 

in ref. [53] proposed that such behavior is a consequence of the non-affine movement of 

the particles inside the magnetic structures.   

Figure 5 shows the values of G’ obtained for each suspension (Fe-CC in MO and 

Fe-CC in IL-EMD) and measuring surfaces (smooth and rough) as a function of the 

oscillatory stress amplitude, in the absence (figure 5a) and the presence (figure 5b) of 

applied magnetic field (39.9 kA/m). As we can observe, in the absence of field, the 

values of G’ obtained using the rough surfaces are higher that those obtained using 

smooth surfaces. In the VLR, for the suspension in MO the mean value of G’ is around 

730 kPa when rough surfaces are used, while this value is of approximately 30 kPa 

when smooth surfaces are used. When a magnetic field is applied (figure 5b) the 

differences between both kinds of surfaces tend to minimize. The reasons that explain 



this behavior are the same that we exposed in the case of steady state measurements: in 

the absence of magnetic field the existence of a slip layer provoked that the viscoelastic 

moduli were underestimated; in the presence of field such difference disappeared 

progressively as a consequence of the elimination of the slip layer. Similar results were 

obtained for the loss modulus, G’’, but there are not shown here for brevity. 
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Figure 5. Storage modulus, G’, as a function of the oscillatory stress amplitude 

(frequency 1 Hz) for suspensions of Fe-CC particles ( = 50 % vol.). The carrier liquids 

and measuring surfaces used are indicated in the graph. Intensity of the magnetic field 

applied: (a) Happlied = 0 kA/m; (b) Happlied =  39.9 kA/m. 

 

In order to get a better picture of the effects of wall slip, we can analyze the averaged 

values of the viscoelastic moduli in the VLR as a function of the intensity of the applied 

magnetic field, for both kinds of measuring surfaces and suspensions studied. Figure 6 

shows such plot for the storage (figure 6a) and loss (figure 6b) moduli. In this figure we 

can observe that, for the suspension in IL-EMD, both moduli (with rough and smooth 

geometries) increase as the magnetic field is raised, due to the hardening of the 

magnetic structures. On the contrary, in the case of suspensions in MO the increase is 

not so clear, due to the high aggregation degree of this suspension. In figure 6 we can 

also observe the effect of wall slip. At low field, the averaged values of G’ are higher 

when the rough geometry is used. As it was the case for the static yield stress, as the 

magnetic field increases such differences disappear. By comparing the results obtained 

in figure 6a and 6b it can be concluded that suspensions present a dominant elastic 

response, since the values of the storage modulus are higher than values of the loss 

modulus. 
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Figure 6. Storage (a) and loss (b) moduli (average in the VLR) as a function of the 

magnetic field for suspensions of Fe-CC particles ( = 50 % vol.). The carrier liquids 

and geometries employed to carry out the measurements are indicated in the graph. 

  

To have more information about the oscillatory regime, the values of the critical 

stress as a function of the applied magnetic field for both kind of suspensions and 

measuring surfaces are shown in figure 7. In this case, equal that happened in the case 

of the static yield stress, the values obtained with the rough surfaces are higher than 

those obtained with of smooth surfaces. The same explanation given before stands here. 

Using smooth surfaces the critical stress is underestimated. For the suspension in MO in 

the absence of field, the critical stress is more than one order of magnitude higher when 

rough surfaces are used instead of smooth ones. Apart from this, only two other features 

are relevant in figure 7. The first one is that the curves tend to minimize their 

differences as the magnetic field increases (the slip layer progressively disappears); the 

second one is that the critical stress values obtained in the case of the suspensions in 

MO are higher than those corresponding to the suspensions in IL-EMD, something that 

is also due to the high degree of aggregation of the former suspension.  
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Figure 7. Critical stress, c, as a function of the applied magnetic field for suspensions 

of Fe-CC particles ( = 50 % vol.). The different curves correspond to the carrier liquids 

and measuring surfaces indicated in the graph. 

 

Finally, to complete oscillatory analysis, the evolution of the storage and loss 

moduli with the frequency of the applied stress was analyzed. The dependence of the 

viscoelastic moduli with the frequency follows, in most of the cases, a typical Maxwell 

behaviour; at low and medium frequency the storage modulus increases regularly, while 

it reaches a plateau at high frequency. On the contrary, the loss modulus typically 

presents a maximum at medium frequencies. In the case of electrorheological fluids, it 

has been demonstrated that the storage modulus is independent of the frequency at high 

electric field [54-56] and, at least, one order of magnitude higher than the loss modulus.  

Figure 8 shows the evolution of the storage modulus as a function of the frequency for 

the suspension of Fe-CC particles in the IL-EMD obtained by applying different 

magnetic field. Curves shown in figure 8a have been obtained with smooth measuring 

surfaces while figure 8b shows those obtained using the rough ones. As can be 

observed, there is an increase of the storage modulus with the frequency, independently 

of the measuring surface used. Furthermore, the final plateau is not reached at high 

frequencies. For the highest field the increase of G’ is less important than the obtained 

at low field or in the absence of magnetic field. Similar tendencies were obtained for the 

loss modulus, not shown here for brevity. Nevertheless, two important facts should be 

mentioned. The first one is that the increase of the G’’ with frequency is not as 

important as in the case of G’, and the second one is that in any case the G’’ expected 

maximum at medium frequencies was observed. It is worth mentioning that the values 

of G’’ are lower that G’ values, pointing out, again, the higher elastic response of our 

suspension. Similar tendencies were obtained for Fe-CC in MO suspension.   
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Figura 8. Storage modulus as a function of the frequency (oscillatory stress amplitude 2 

Pa) for suspensions of Fe-CC particles in IL-EMD. (a) Smooth surfaces (b) rough 

surfaces. Magnetic field intensity is indicated in the graph. 

 

To compare the response of suspensions in MO or ILEMD, in figure 9 the 

evolution of the storage modulus is plotted as a function of the frequency for both kinds 

of measuring surfaces in the absence (figure 9a) and in the presence (figure9b) of 

external magnetic field. As we observe, in the frequency domain, when smooth surfaces 

are used the storage modulus is also underestimated, both under magnetic field applied 

and in the absence of field. Similar results were obtained in the case of loss modulus. 

Finally, differences obtained with different measuring surfaces are higher for the 

suspension in IL-EMD that for suspension in MO, which confirms one more time the 

higher aggregation state of suspension in MO. This fact is especially important in the 

absence of magnetic field and low frequencies (figure 9a). In figure 9 can be observed 

that under magnetic field application the differences between curves disappear, as a 

consequence of the elimination of the slip layer. In the case of the loss modulus the 

results obtained were similar that for the storage modulus.  
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Figure 9. Storage modulus as a function of the frequency (oscillatory stress amplitude 2 

Pa) for suspensions of Fe-CC particles in IL-EMD and MO. Measuring surfaces used 

are indicated in the graphs. (a) Happlied = 0 kA/m; (b) Happlied =  39,9 kA/m.  

 

4. CONCLUSIONS 

 

In this work the magnetorheological behavior of highly concentrated IL-based MR 

fluids has been analyzed. The MR analysis has been focused on the study of wall slip 

phenomena. IL have been used as carrier because it provides more stable colloidal 

suspensions than using a classical mineral oil [20, 30]. Highly concentrated suspensions 

with silica-coated iron particle in the micron-size have been used because big particles 

and high concentrations bring more important slip effects [37]. Both viscosimetry and 

oscillometry measurements have been carried out. All the experiments have been 

performed using two kind of measuring surfaces: smooth and rough plates. The results 

have been compared with those obtained for a classical suspension (with mineral oil as 

carrier liquid). As main conclusion of this work it can be stated that wall slip 

phenomenon has an important effect in the determination of the rheological parameters 

that characterize the magnetorheological behavior of the MR suspensions. It has been 

proved that using measuring geometries with smooth surfaces to perform the 

experiments instead of rough surfaces, an underestimation of the viscosity, the static 

yield stress, the viscoelastic moduli and the critical stress is obtained. 

Finally, it is important to comment two important facts. Firstly, it is remarkable the 

great interest that IL have gained in the last years. A great scientific effort is necessary 

to understand the complex mechanisms that promote the stabilization of magnetic 

particles in this new kind of carrier liquids. On the other hand, it should be mentioned 

that this work represents the first preliminary study regarding wall slip effects in 



magnetorheological suspensions. Based on the conclusions herein, it is expected that 

scientists are aware of the importance that wall slip has in the magnetorheological 

characterization of the suspensions.   
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