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Abstract 

We study the effect of wall slip on the measured values of the yield stress of 

magnetorheological (MR) fluids. For this aim we used a rheometer provided with 

parallel-plate geometries of two types, distinguished by having smooth or rough 

surfaces. We found that wall slip led to the underestimation of the yield stress when 

measuring geometries with smooth surfaces were used, and that this underestimation 

was more pronounced for the static than for the dynamic yield stress. Furthermore, we 

analysed the effect that both irreversible particle aggregation due to colloidal 

interactions and reversible magnetic field-induced particle aggregation had on the 

underestimation provoked by wall slip. We found that the higher the degree of 

aggregation the stronger the underestimation of the yield stress. At low intensity of the 

applied magnetic field irreversible particle aggregation was dominant and, thus, the 

underestimation of the yield stress was almost negligible for well-dispersed MR fluids, 
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whereas it was rather pronounced for MR fluids suffering from irreversible aggregation. 

As the magnetic field was increased the underestimation of the yield stress became 

significant even for the best dispersed MR fluid.  

 

I.   INTRODUCTION 

Magnetorheological (MR) fluids are suspensions of micron-size particles of 

magnetisable materials dispersed in a carrier fluid. Their main characteristic is the rapid 

and reversible change of their rheological behavior under the action of applied magnetic 

fields. This interesting property is known as MR effect and it is the base of many 

technological applications, such as MR clutches and dampers [1-6]. One of the main 

features of the MR effect is the tunability of the magnetic field-induced yield stress –the 

minimum shear stress required to induce flow. According to definition, we could 

distinguish two main types of yield stress: the static and dynamic yield stresses. For a 

structured suspension, the static yield stress is the minimum stress required to provoke 

the fracture of the suspension’s structures in their weakest point; whereas, the dynamic 

yield stress is the stress required for the continuous breakage of the structures within the 

flow regime. Depending on the specific application, either dynamic or static yield stress 

is more important. On the other hand, controllable tunability of the yield stress within a 

large range is of crucial importance for most technological devices.  

If not hindered, MR fluids suffer from strong irreversible particle aggregation, as 

a consequence of colloidal interactions between particles such as van der Waals 

attraction. Irreversible aggregation leads to the formation of large flocculi that settle out 

quickly, with the undesired result of the formation of sediments that are difficult to 

redisperse [7]. In applications, this results in the malfunctioning and lack of 

controllability of MR devices. Different approaches have been proposed to reduce 
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irreversible particle aggregation in MR fluids, such as the use of additives that impart 

steric repulsion to the dispersed particles, and the use of ionic liquids as carriers [8-12].  

In a previous work we found that MR fluids also experience wall slip [13]. Wall 

slip phenomenon occurs because of the displacement of the dispersed particles away 

from the solid boundaries, leaving a lower-viscosity layer (slip layer) close to the 

measuring surfaces [14-15]. As a consequence, wall slip may alter the estimation of 

rheological parameters as the dynamic and static yield stress, giving rise to 

underestimation of these quantities. The use of measuring systems with rough surfaces 

has been, up to now, the best option to avoid wall slip effects in particulate suspensions 

[16-19]. In applications, wall slip may result in an imperfect transmittance of the yield 

stress to mobile parts of the MR devices, resulting in a lack of optimization of their 

functioning.  

In spite of the importance of wall slip, a comprehensive study of the effect of 

wall slip on the yield stress of MR fluids is lacking in the literature. In this work we 

analyse the effect of wall slip on the measured (both dynamic and static) yield stresses 

of three MR fluids of different degree of irreversible particle aggregation. For this aim 

we compare the results obtained by using two parallel-plate measuring geometries with 

rough and smooth surfaces, respectively. The influence of the degree of irreversible 

particle aggregation as well as the magnetic field strength on the wall slip phenomenon 

are analysed in our work.  

 

II. MATERIALS AND METHODS 

A. Materials 

 We used iron particles (Fe-CC particles, BASF, Germany) as solid phase for the 

preparation of the MR fluids. According to the manufacturer, Fe-CC particles have a 
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silica coating and are spherical in shape with a median diameter of 5 µm. We used two 

different carrier liquids, 1-ethyl-3-methylimidazolium diethylphosphate (Merck, 

Germany), which is an ionic liquid (IL), and mineral oil (MO) (Sigma Aldrich, 

Germany). The main properties of these liquids are included in Table 1. As surfactant 

for the preparation of one of the MR fluids, we used aluminum stearate (AlSt), supplied 

by Sigma Aldrich, Germany. 

 

Table 1:  Physical properties of the ionic liquid (IL) and mineral oil (MO) used as 

carrier liquids. 

 

Carrier liquid 

Viscosity at 25 

ºC (mPa∙s) 

Solubility in 

water 

Density at 25 

ºC (g/cm3) 

Conductivity 

(mS/cm) 

IL 317 ± 16 Yes 1.14 ± 0.01 0.66 ± 0.03 

MO 39.58 ± 0.16 No 0.85 ± 0.01 --- 

 

 Following the protocol described in Ref. [20], we prepared MR fluids according 

to three different compositions, all of them containing 50 vol.% of Fe-CC particles. MR 

fluid 1: Fe-CC particles in pure MO. MR fluid 2: Fe-CC particles in a 105 mM solution 

of AlSt in MO. MR fluid 3: Fe-CC particles in IL. Note that according to previous 

works [10-11], there are marked differences in the stability against irreversible particle 

aggregation of these compositions, with MR fluid 1 being the most aggregate 

composition and MR fluid 3 the least aggregate composition.   

 

B. Rheological measurements 
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 We used a MCR300 controlled stress rheometer (Physica-Anton Paar, Germany) 

for the rheological measurements, provided with two different measuring system 

geometries, both of them parallel plate sets with 20 mm in diameter and a gap thickness 

of 0.35 mm. Measuring systems were differenced by the roughness of the surfaces of 

the plates, one of them having smooth surfaces and the other rough surfaces –for details 

on the roughness see [13]. For both measuring systems, we calibrated the rheometer by 

using two viscosity oil standards (Brookfield, USA) of 1.930 Pa s and 6.470 Pa s, to 

ensure that the measurements obtained could be safely compared.  

 We carried out steady-state measurements at 10.0 ± 0.1 ºC to obtain the static and 

dynamic yield stresses of the MR fluids in the presence of applied magnetic fields 

ranging in strength from 0 to 32 kA/m. For the application of the magnetic field we used 

a solenoid placed co-axially with the measuring geometry, as described in Ref. [21]. We 

performed three different types of measurements, which differed in the variable that was 

imposed, as described in what follows.  

 

1. Shear stress vs. imposed shear rate 

 In this kind of experiments we imposed the shear rate,  , and monitored the 

corresponding shear stress, . To be precise, we proceeded according to the following 

steps. (i) preshear of the sample by a linear shear rate ramp in the range 1000−=  s-

1, of 1 min of length, in the absence of magnetic field; (ii) waiting time of 30 s in the 

presence of an applied magnetic field; (iii) in the presence of the same applied field, 

shear rate ramp of 25 steps, in the range 3000−=  s-1, of a total length of 250 s –

each imposed shear rate was maintained during 10 s. The corresponding shear stress 

was monitored and the values presented in this work are the mean ones for each 

imposed shear rate. From these experiments, we obtained curves of the shear stress as a 
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function of shear rate as this illustrated in Figure 1a. From this kind of curves we 

estimated the so-called dynamic yield stress, y, by fitting the experimental data 

corresponding to the flow regime ( 1  s-1) to Bingham equation [22]: 

                     = +y .              (1) 

In this equation both y and   (known as dynamic viscosity) are fitting parameters. 

 

2. Imposed shear stress vs. shear rate 

 In this kind of measurements we imposed the shear stress and monitored the 

corresponding shear rate. We used the following protocol. Preshear and waiting time as 

described in steps (i) and (ii) of the previous paragraph. Then, in the presence of applied 

magnetic field, a logarithmic stress ramp of 25 steps, of a total length of 250 s –each 

imposed shear stress was maintained during 10 s. The range of the stress ramp was 

adjusted in each experiment to cover the yield point and the surrounding areas. The 

corresponding shear rate was monitored and the values presented in this work are the 

mean ones for each imposed shear stress. This method (hereafter “method 1”) is the 

usual procedure to obtain the static yield stress. For this aim, the curve of shear stress as 

a function of shear rate is constructed, with the shear rate in logarithmic scale (see 

Figure 1b as an example). In this kind of curves, two closest points, with one belonging 

to the pre-yield regime ( 1 ) and the other to the post-yield (flow) regime ( 1 ) 

are identified (see Figure 1b). The first of these points (lower shear rate) corresponds to 

the maximum stress tolerated by the sample before breakage of the field-induced 

particle structures. The second point (higher shear rate) is the minimum stress required 

to induce the flow of the suspension, and is usually taken as the static yield stress. Note 

that the higher the number of points in the shear stress ramp, the more precise is the 

determination of the static yield stress by this procedure.  
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Figure 1.  Different methods for the estimation of the yield stress. In all cases we used 

measuring geometry with rough surfaces. (a) Curve of shear stress vs. shear rate 

obtained by imposing the shear rate. Squares represent the experimental data and the 

solid line the best fit to Bingham equation. Experimental parameters: MR fluid 2; field 

strength H = 4 kA/m. (b) Curve of shear stress vs. shear rate obtained by imposing the 

shear stress. Note the logarithmic scale in the x-axis. Symbols represent the 

experimental data. Note the two open circles, corresponding to the highest shear stress 

tolerated by the sample before fracture and the minimum shear stress required for 

inducing the flow of the suspension (yield stress). Experimental parameters: MR fluid 1; 

field strength H = 32 kA/m. (c) Curve of shear stress vs. shear strain obtained by 

imposing the shear strain. Symbols represent the experimental data. Note the open 

circles, corresponding to the highest values of shear stress tolerated by the sample 

before fracture (yield stress). Experimental parameters: MR fluid 1; field strength H = 4 

kA/m. 

 

3. Shear stress vs. imposed strain 

 In this kind of measurements we imposed the shear strain and monitored the 

corresponding shear stress. We used the following protocol. Preshear and waiting time 

as described in steps (i) and (ii) of the previous paragraph 1. Then, in the presence of 
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applied magnetic field, we imposed a ramp of shear strain, , within the range 0 – 0.30, 

of a total length of 10 s –each value of the shear strain was maintained during 0.01 s- 

and we monitored the corresponding shear stress. Curves of the shear stress as a 

function of shear strain consisted of a sequence of concave sections, as depicted in 

Figure 1c. The shape of each concave section of such a kind of curves, resembles the 

theoretical dependence of the shear stress as a function of shear strain usually obtained 

for the theoretical calculation of the yield stress of MR fluids –see for example Ref. 

[23]. The increasing branch of shear stress within each section corresponds to 

deformation and tilting with respect to the direction of the applied magnetic field of the 

field-induced particle structures. The maximum (peak) value corresponds to the highest 

value of the mechanical stress tolerated by the structures before breakage. Immediately 

after breakage, the shear stress decreases dramatically (in agreement with Figure 1c) 

until the particle structures rebuild by aggregation of broken structures as a consequence 

of magnetic attraction. The whole process of deformation, breakage and reconstruction 

starts again at this point. Then, the maximum stress within each section of the shear 

stress vs. shear strain curve corresponds to the static yield stress. In this work, we 

present the mean value of the successive peaks as static yield stress. We will refer to 

this method of measurement of the static yield stress as “method 2”. 

 

 

III.   RESULTS AND DISCUSSION 

In this section we will first make a comparison between the values of yield stress 

obtained by the three different methods: dynamic yield stress, static yield stress 

obtained by method 1, and static yield stress obtained by method 2. Then, we will 

analyse the effect that the wall slip has on the measured values of the dynamic yield 
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stress, depending on the aggregation state of the MR fluid. Finally, we will perform a 

similar analysis on the effect on the static yield stress. 

 

A. Comparison of the yield stress obtained by different methods 

As depicted in Figure 2 for MR fluid 1, both static and dynamic yield stresses 

increased as the magnitude of the applied magnetic field was increased, as expected for 

MR fluids. Similar results were obtained for the MR fluids 2 and 3, not shown here for 

brevity. For a detailed discussion on the effect of the magnetic field on the yield stress 

of concentrated MR fluids see Ref. [20]. Our experiments also indicated that when 

using smooth surfaces the yield stress obtained by the three different methods described 

in the experimental section approximately overlapped (Figure 2a). On the contrary, 

when we used rough surfaces there was a significant difference between the values of 

the dynamic yield stress and the static yield stress (Figure 2b). As observed, in this case 

(rough surfaces) the values of dynamic yield stress were considerably smaller than the 

values of the static yield stress. We can also conclude from data of Figure 2 that both 

methods of determination of the static yield stress (method 1 and method 2) gave 

approximately the same values. 
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Figure 2. Yield stress of MR fluid 1 as a function of the applied magnetic field. : 

static yield stress obtained by method 1; : static yield stress obtained by method 2; : 

dynamic yield stress. a) Yield stress obtained by means of geometry with smooth 

surfaces; b) yield stress obtained by means of geometry with rough surfaces. 

 

B. Effect of aggregation state on the measured values of the dynamic yield stress 

In this subsection we analyse the effect that the state of aggregation of the MR 

fluid had on the measured values of the dynamic yield stress. For this we must take into 

account the irreversible aggregation between particles –resulting from colloidal 

interactions, such as van der Waals attraction. As mentioned in the experimental 

section, there were substantial differences in the state of irreversible aggregation 

between the three MR fluids used in our work, with MR fluid 1 being the most 

aggregated and MR fluid 3 being the best dispersed. In addition, we must keep in mind 

that apart from the irreversible particle aggregation resulting from colloidal interactions, 

there was also reversible field-induced aggregation under the application of a magnetic 

field.  
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In the case of MR fluid 1 there were significant differences for the whole range 

of applied magnetic field between the values of the dynamic yield stress obtained by 

geometries with rough surfaces and smooth surfaces, the former being considerably 

higher (Figure 3a). On the contrary, in the case of MR fluid 3 differences were almost 

negligible at low field and increased with the strength of the applied field, with the yield 

stress obtained by geometries with rough surfaces becoming progressively higher than 

the yield stress obtained by geometries with smooth surfaces.  

 

 

Figure 3.  Dynamic yield stress as a function of the applied magnetic field. : 

Measurements by means of geometry with rough surfaces; : measurements by means 

of geometry with smooth surfaces. a) MR fluid 1; b) MR fluid 3. 

 

From these results we can conclude that the underestimation of the values of the 

dynamic yield stress when using smooth surfaces was almost negligible in well-

dispersed MR fluids at very low applied field. On the other hand, strong 

underestimation was obtained in the case of flocculated MR fluids, either by the action 

of colloidal interaction or the application of a magnetic field of high enough intensity.  
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Figure 4. Static yield stress obtained by method 1 as a function of the applied magnetic 

field. : Measurements by means of geometry with rough surfaces; : measurements 

by means of geometry with smooth surfaces. a) MR fluid 1; b) MR fluid 2; c) MR fluid 

3. 

 

C. Effect of aggregation state on the measured values of the static yield stress 

Let us now analyse the effect that the state of aggregation between particles had 

in the measured values of the static yield stress. Figure 4 shows the results obtained by 

method 1 –note that similar results were obtained by method 2, not shown here for 

brevity. As observed, for the suspension with the higher degree of irreversible particle 

aggregation (MR fluid 1), there were large differences in the values of the static yield 

stress obtained by using geometries with smooth or rough surfaces. To be precise the 

values obtained by geometries with rough surfaces were higher by approximately 300-

400 Pa, which implied an underestimation of the yield stress when using geometries 

with smooth surfaces of up to a factor of 3 at the lowest values of the applied field. On 

the other hand, differences in the values of the yield stresses determined by smooth and 

rough geometries were negligible at the lowest field strengths for the suspensions with 

better dispersion state (MR fluids 2 and 3). For these suspensions, however, as the 
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magnetic field strength was increased, the underestimation of the values of the static 

yield stress when using geometries with smooth surfaces increased (Figures 4b and 4c). 

As observed, this underestimation when using smooth surfaces was lighter the better the 

dispersion state, as observed by comparison of data for MR fluid 2 (worse dispersion) 

and MR fluid 3 (better dispersion).  

 

IV.   CONCLUSIONS 

 We have shown that wall slip leads to the underestimation of the magnetic field-

induced yield stress of MR fluids when measuring geometries with smooth surfaces are 

used. This underestimation is most important for the static yield stress than for the 

dynamic yield stress, which is in agreement with the established knowledge that wall 

slip in particulate suspensions happens mainly at low shear rate values, before the flow 

of the suspensions [14]. Furthermore, we have shown that the underestimation of the 

yield stress due to the wall slip is more important the higher the aggregation degree of 

the suspensions. In this sense, both irreversible particle aggregation due to colloidal 

interactions (such as van der Waals attraction) and magnetic field-induced particle 

aggregation lead to underestimation of the yield stress, although the effect of the former 

type of aggregation seems to be dominant at low enough magnetic field strength. These 

conclusions should be carefully considered in practical applications of MR fluids that 

benefit from a high yield stress, such as MR clutches and dampers. When designing 

such a kind of devices, the used of rough surfaces should be considered for chambers 

containing MR fluids, in order to diminish the effect of wall slip and, consequently, to 

maximize the transmittance of the yield stress to mobile parts of the devices. Special 

care should be taken with surfaces moving at low speed and in the case of concentrated 

MR fluids that will likely suffer from irreversible particle aggregation. 
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Figure Captions 

Figure 1.  Different methods for the estimation of the yield stress. In all cases we used 

measuring geometry with rough surfaces. (a) Curve of shear stress vs. shear rate 

obtained by imposing the shear rate. Squares represent the experimental data and the 

solid line the best fit to Bingham equation. Experimental parameters: MR fluid 2; field 

strength H = 4 kA/m. (b) Curve of shear stress vs. shear rate obtained by imposing the 

shear stress. Note the logarithmic scale in the x-axis. Symbols represent the 

experimental data. Note the two open circles, corresponding to the highest shear stress 

tolerated by the sample before fracture and the minimum shear stress required for 

inducing the flow of the suspension (yield stress). Experimental parameters: MR fluid 1; 

field strength H = 32 kA/m. (c) Curve of shear stress vs. shear strain obtained by 

imposing the shear strain. Symbols represent the experimental data. Note the open 

circles, corresponding to the highest values of shear stress tolerated by the sample 

before fracture (yield stress). Experimental parameters: MR fluid 1; field strength H = 4 

kA/m. 

 

Figure 2. Yield stress of MR fluid 1 as a function of the applied magnetic field. : 

static yield stress obtained by method 1; : static yield stress obtained by method 2; : 

dynamic yield stress. a) Yield stress obtained by means of geometry with smooth 

surfaces; b) yield stress obtained by means of geometry with rough surfaces. 

 

Figure 3.  Dynamic yield stress as a function of the applied magnetic field. : 

Measurements by means of geometry with rough surfaces; : measurements by means 

of geometry with smooth surfaces. a) MR fluid 1; b) MR fluid 3. 
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Figure 4. Static yield stress obtained by method 1 as a function of the applied magnetic 

field. : Measurements by means of geometry with rough surfaces; : measurements 

by means of geometry with smooth surfaces. a) MR fluid 1; b) MR fluid 2; c) MR fluid 

3. 

 


