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Static and transient behaviour of magnetorheological fluid and devices

ABSTRACT

Magnetorheological fluid is one of the smart materials that change its rheological behaviour in the
presence of a magnetic field. This fluid has found application in electronically controlled dampers and
is widely used in automotive with semi-active control. This thesis focuses on the issues of rheology,
tribology, and transient behaviour of the MR fluid itself, as well as on MR devices and their transient
behaviour. Each chapter provides an overview of the current state of the art, followed by a description
of the author's contribution to this research area. A total of 7 papers were published in scientific journals
with high impact factors.

KEYWORDS: magnetorheological fluid; rheology; tribology; transient response; response time; MR damper;
eddy currents

Statické a dynamické chovani magnetoreologické kapaliny a zatizeni

ABSTRAKT

Magnetoreologicka kapalina je jeden ze smart materiald, ktery méni své reologické vlastnosti v
pritomnosti magnetického pole. Tato kapalina nasla uplatnéni v elektronicky fiditelnych tlumicich a je
Siroce pouzivana v automotive spolu se semiaktivnim fizenim. Tato prace se zaméfuje na problematiku
reologie, tribologie a pfechodového chovani samotné MR kapaliny a také na MR zafizeni a jejich
piechodového chovani. Jednotlivé kapitoly poskytuji vhled do problematiky, nasledovany popisem
vlastniho pfinosu autora do dané oblasti. Celkem bylo publikovano 7 praci ve védeckych Casopisech s
vysokym impaktnim ¢islem.

KLICOVA SLOVA: magnetoreologicka kapaliny; reologie; tribologie; ptechodové chovani; ¢asova odezva; MR
tlumig; vitivé proudy
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INTRODUCTION

Transporting people or cargo is an integral part of today's society. We live in an age when technologies
and transport are evolving significantly. Ongoing development in transportation aims to increase safety,
speed, reduce operating or production costs, environmental impact, or noise emissions. However, the
most important is traffic safety. The number of seriously injured and dead persons in road accidents has
been declining for a long time[1]. The main reason is that transportation safety is constantly increasing
due to developments in electronics, driving assistants, intelligent transport communications, and also
the materials themselves.

The so-called Smart Materials are increasingly used in transportation. Smart material is a material
that one or more properties can be significantly changed by external stimuli, such as mechanical stress,
temperature, light, electric or magnetic field, etc. These materials are used in smart sensors (vehicle
condition monitoring, monitoring of concrete structures, roadways, and bridges for internal flaws racks,
corrosion, and movement), smart glass windows (reflectivity of infrared light could be changed
automatically to maintain internal temperatures), smart coatings (improved reflectivity), actuators
(smart suspensions systems), etc.

One of the commonly used smart material in transport is the so-called magnetorheological (MR)
fluid. It is a magnetically sensitive fluid which can change its apparent viscosity by applying an external
magnetic field. Approximately 80 years ago, Jacob Rabinow [2] discovered the MR fluid at the US
National Bureau of Standards. However, significant research started roughly 35 years ago. Since then,
MR fluid has undergone tremendous development. This fluid has been used in dampers, clutches, brakes,
or engine mounts. However, the most important application is an electronically controlled suspension
damper in automotive. MR dampers with semi-active control have been used since 1998 for damping
seats in heavy-duty vehicles to improve rider comfort and safety [3]. MR dampers have also been used
commercially since 2002 in the vehicle suspension system (GM’s Cadillac Seville STS)[3]. This
technology is currently used by companies Ford, Ferrari, Audi, Chevrolet, Lamborgini, Range Rover,
Porsche, etc. This system improves driving handling, comfort, and safety (reduction of braking
distance)[4]. In 2007, more than 100 000 MR devices were used in the automotive industry [3]. The first
application of this technology also appears in railways. The research team at the Brno University of
Technology tested yaw MR damper on a real track [5], see Figure 1.
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Figure 1 Mounted MR damper on réilway vehicle uring testig on real track [5]
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As mentioned, this technology is currently widely used in automotive. However, intensive
fundamental research is still underway in the area of MR fluid itself and the development of new
and progressive MR devices. This intensive research can be documented by more than 400 scientific
publications in the WOS database in 2021. The recent trend is the use of MR dampers with fast semi-
active control, where the transient behaviour of the MR damper is very important (short response time).
This can be documented by the two most cited papers in this research area in 20212, which focus on
semi-active control. The papers show that fast semi-active control significantly improves the behaviour
of the vehicle, especially in terms of safety. Currently, the development of new generations of MR fluids
that have better rheological, tribological, transient behaviour, or sedimentation stability is performed.

The main aim of the thesis is to provide an insight into the current state of the art in the static and
transient behaviour of magnetorheological fluids and devices to demonstrate the author's contribution
to this research field. Chapter 2 deals with the rheological, tribological, and transient behaviour
of the magnetorheological fluid itself. Chapter 3 focused on the magnetorheological devices and their
transient behaviour. It should be noted that the presented state of the art in magnetorheological
technology is not complete and provide just basic insight into this research field. At the end of each
chapter, the research gap is listed to clearly show the author's contribution and the novelty of each
presented study. In total, the thesis is built on 7 journal papers (four times first author, twice second
author, and once corresponding author). Chapter 2 includes 3 papers, and chapter 3 includes 4 papers.
Focusing on the papers with IF, five documents were published in journals in the first quartile (Q1), one
paper in the second quartile (Q2), and one paper in the third quartile (Q3). More detailed information
about author papers, citations, etc., can be found in the document “Autoevaluation criteria of the
applicant for habilitation”.

2 Magnetorheological keyword used in the WOS database.
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MAGNETORHEOLOGICAL FLUID

The word "smart™ has become one of the keywords connected with modern scientific and technological
progress. In everyday life, we encounter “smart” phones, appliances, and materials. Smart material
is a material that one or more properties can be significantly changed by external stimuli, such as
mechanical stress, temperature, light, electric or magnetic field, etc. One of those materials
is magnetorheological (MR) fluid which is a magnetic field responsive material. MR fluid exhibits a
reversible and very fast transition from a liquid to a nearly solid state under the application of external
magnetic fields.

MR fluid is a suspension of fine, non-colloidal, low-coercivity, high-magnetisable particles in a
carrier fluid [6]. Particles are usually made of carbonyl iron [7], iron/cobalt alloy [8], iron oxides (Fe2Os,
Fes04) [9, 10], nickel, cobalt, silicon steel, and their alloys. These materials usually exhibit magnetic
saturation up to 2.1 T (uoMs= 2.1 T). The most used is carbonyl iron powder (CIP) which is obtained
by the thermal decomposition method [11]. However, the CIP manufacturing process is very expansive
compared to other methods of producing iron particles. This is the most expensive item of the total price
of MR fluid (1 kg of CI powder = app. 300 USD). The vast majority of commercially available MR
fluids are CIP-based. The solid phase by the volume is in the range of 20 % to 48 %. In the automotive
industry, the typical particle content by volume is 26 % [6]. The particle size is in the range of 1 to 100
pum, preferably in the range of 1 to 10 pum. The ferromagnetic particles have a spherical shape due to
durability and tribological properties. Occasionally, flakes [12] or plates shape [13] of particles appear.

The continuous phase of MR fluids are typically silicon oils [14, 15], mineral oils [16], synthetic
hydrocarbon oils (PAO)[17], water [18], glycols [19], or ferrofluids [20]. The carrier fluid should be
chemically compatible with particles, exhibit low thermal expansion, excellent lubricity, low viscosity
in the high-temperature range, and be economical. The preferred carrier fluid is polyalfaolefin (PAO).
This oil exhibits a great operating temperature range, lubrication properties, and chemical stability. The
typical dynamic viscosity of carrier fluid is between 0.01 to 0.1 Pa.s at ambient temperature. The
commercial MR fluid manufacturers use a hydrocarbon-based carrier fluid (Lord corporation [21] or
FemFluid corporation).

The MR fluid exhibits a rapid change of apparent viscosity in several orders of magnitude under
the application of an external magnetic field [11]. When the MR fluid is energized by the magnetic field,
the ferromagnetic particles are magnetized and form chain-like structures in the direction of the magnetic
field, see Figure 2. The fluid then exhibits a significant increase of the yield stress in tens of kPa.
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Figure 2 Magnetorheological effect; left: without the magnetic field, right: with the application of magnetic field
(blue arrow)[22]
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Oclan and McKinley [23] from MIT visualized microstructural development in the pressure-driven flow
of magnetorheological fluid in valve mode. Figure 3 shows how MR fluid particles chains (clusters)
look during a flow in the case of (a) MR fluid flow without a magnetic field, (b) after applying a magnetic
field, (c) after turning off the magnetic field, and (d) after applying demagnetization magnetic field. In
my opinion, this research/ figure gives a good insight into the behaviour of particle chains during the
fluid flow. However, the visualization of particle chain behaviour has been addressed by many other
research teams [24, 25]. A large research area is also micromechanical modeling of chain
(microstructure) behaviour and its impact on rheological properties [26-28]. However, this issue is not
described in this thesis.

Figure 3 The particle chains behaviour of MR fluid during flow in the case: (a) without magnetic field, (b) with
the magnetic field, (c) after turning off the magnetic field, and (d) after applying demagnetization magnetic field
[23]

In the next parts of the thesis, the current state of the art in the field of rheological, tribological properties,
and transient behaviour of MR fluid is described. The chapter on the rheology of MR fluid is important
because it provides basic information, which is essential for the section on transient behaviour. These
next chapters aim to meet the reader with basic information about the selected research area with regard
to defining the author's contribution to this research area. However, sedimentation stability [29, 30],
fluid durability [31], etc., are also important areas but in the thesis are not discussed.

2.1  Rheology of magnetorheological fluid

The rheological behaviour of MR fluid is affected by several factors such as particle concentration,
particle size [32], particle shape [33-35], particle distribution [36], properties of carrier fluid,
temperature [37], magnetic field, or additives. The rheological behaviour of MR fluid can be divided
into off-state and on-state (energized) behaviour. In an on-state regime, the magnetic field is applied.

In the off-state, MR fluid appears similar to liquid paints and exhibits a comparable value of
apparent viscosity (0.1 -1 Pa.s™%, at low shear rates). The off-state behaviour depends on particle volume
concentration, particle size [32], additives [38], and carrier fluid properties [39]. In general, viscosity
increases with particle concentration. In 1940, the equation (Einstein equation) describing the viscosity
of a suspension of solid spheres nwvre as a function of the viscosity of the carrier liquid no, and the volume
concentration of the particles ¢, was published [40], see below.

Nurr = Mo(1 + 2.50,,) (1)
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The other more advanced models were also published as the Batchelor equation [41], Krieger-Dougherty
equation [41], Mooney [42], etc. MR fluid in off-state exhibits Non-Newtonian behaviour because it
usually has a small yield stress in units or tens of Pascals. However, for MR device modeling, the
Newtonian behaviour of MR fluid is usually assumed [43].

The rheology of MR fluid in on-state is characterized by pre-yield and post-yield regimes [44, 45].
In the pre-yield regime, the MR fluid usually exhibits viscoelastic behaviour. The complex modulus G
is a magnetic field and particle concentration-dependent [46]. The shear stress z in the fluid can be
described by the equation below:

T = Gy, T<t9(H)andy =0 (2)

where y is shear strain, y’ is shear strain rate and 7,(H) is dynamic yield stress. The shear strain is
usually in the order of 107 [43]. However, several models have been presented to characterize the pre-
yield behavior of MR fluids. These models are composed of elastic springs and viscous dashpot elements
[47].

The post-yield regime of MR fluids has been experimentally determined and described by models
in a number of publications. Thus behavior is often represented as a Bingham plastic having variable
yield stress [48] by the equation:

T=1,(H)+ny,  7>70(H) @)

Where 7 is dynamic fluid viscosity. However, the Bingham model is insufficient to characterize the MR
fluid at high shear rates [6]. Shear-thinning (m < 1) or shear-thickening (m > 1) effect dominates at high
shear rates. The Herschel-Bulkley model can describe this behaviour:

r =1, (H) +ym, T > o(H) “)

Where m is the consistency index. For example, MR fluid MRC-C1L made by CK materials lab
company exhibits shear thinning behaviour. In both models, the most relevant rheological property of
an MR fluid is the dynamic yield stress zo(H). It should be noted that this value is usually determined by
the fitting method. The paper of de Vicente et al. [11] or Seo et al. [49] pointed out that yield stresses
are three types: the elastic limit, the static 7y, and the dynamic zqy, See Figure 4. The static (or frictional)
yield stress is the minimum stress which creates the fluid to flow. The static yield stress is typically
experimentally determined by using creep tests. The dynamic yield stress corresponds to the stress
needed to continuously break the particle chains, which reform in the presence of the magnetic forces.

Pre-yield Post-yield
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Figure 4 Typical yield stresses [50]
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The dynamic yield stress of MR fluid depends on particle size [51], particle volume fraction [52],
particle material [53], particle distribution [36], type of carrier fluid [43], magnetic field [36, 54],
additives [55], etc. However, the dynamic yield stress is insensitive to operating temperature. The yield
stress of MR fluid can also be modelled. In the literature, these models can be classified into two groups
[11]: Macroscopic and Microscopic models. Macroscopic models take into account the magnetic energy
minimization principle and assume a homogenous structure [11]. The microscopic model works with
interparticle interactions. For example, papers dealing with the modelling of the yield stress of MR fluid
are [10, 11, 28]. The measurement or modelling of rheological behaviour of MR fluid is a quite complex
and huge research area. In this section, just a basic insight into this area was provided.

2.2  Tribology of magnetorheological fluid

The tribological properties of MR fluid can be strongly moderated by their composition. The special
group of MR fluid is a so-called Magnetorheological polishing fluid [56], where a significant part of the
fluid consists of abrasive particles such as alumina, silicon carbide, or diamond particles. This fluid is
used as a magnetic field-assisted finishing method (Magnetorheological Polishing method). This method
is used for manufacturing the lowest surface roughness values for optics of the highest quality. However,
in the other applications of MR fluids is a fundamental improvement in the tribological properties as a
decrease of friction coefficient and wear.

The surfaces of MR devices (MR dampers, clutches, brakes, etc.) are in contact with the MR fluid,
and it works with relative motion. The wear of MR devices is much faster than hydraulic oil devices
because of the abrasive nature of the iron particles. The particle material, hardness, size [57], shape [58],
carrier fluid [59], magnetic field [60], and additives [59, 61] significantly affect the tribological
properties. The additives in the form of anti-wear agents such as zinc dialkyl dithiophosphate (ZDDP)
and anti-friction agents such as molybdenum-dithiocarbamate (Mo-DTC) or organomolybdenums
(MOLY) are used [59, 61]. Those additives are also generally used for hydraulic oils. The nano-sized
particles are also used when friction and wear need to be reduced. The low concentration of colloidally
stable nanoparticles (app.1 wt %) is sufficient to improve tribological properties (reducing wear and
friction). If the concentration of nanoparticles exceeds a limit, the effect is insignificant. However, the
exact composition of commercially available MR fluids is the know-how of the manufacturers. Hu et
al. [60] experimentally determined that in the presence of a magnetic field, the friction coefficient is
four times higher than without a magnetic field, see Figure 5 left. Similar results were published by
Zhang et al. [62]. However, the increase in friction coefficient was not so significant because of the low
level of magnetic field (app. 10 times lower than Hu et al. [60]).
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Figure 5 Effect of magnetic field on friction coefficient Hu et al. experiments (left) [60], Zhang
experiments(right) [62]
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Particles higher than 100 pm usually increase friction and accelerate wear. Gahr et al. [57] describe the
effect of particle diameter on wear rate. The wear rate is linearly dependent on particle size. The higher
the particle size is, the higher the wear rate is. It is necessary to note that this research was not performed
with CI particles. Wang et al. [58] tested the effect of particle size on frictional coefficient and wear on
o-ring flooded MR fluid. The higher the particle size is, the higher the frictional coefficient and wear
are, see Figure 6. The friction coefficient slightly increases with increased particle concentration at low
particle concertation (roughly 20 g/L)[63]. Walker et al. [64] studied the effect of particle shape of
white iron slurry on wear. The wear rate decrease exponentially with increasing circularity factor CF
(perfect circle CF = 1). However, these experiments were performed on high-size particles (roughly 300
um) made of a different material than CI. Several authors measured the friction coefficient for
commercially available MR fluids and also for homemade MR fluids. Wong et al. [63] measured COF
using configuration block-on-ring, where the block is in contact with the cylindrical ring surface. The
contact was lubricated by Lord MRF-132DG. The measured COF was in the range of 0.085 to 0.096.
Shahrivar et al. [65] compared the friction coefficient of MR fluid and FF fluid as a function of sliding
speed. Zhang et al. [66] measured COF for different particle volume content in commercial MR fluid
from Lord Corp. The COF was almost identical (ca 0.35) for 22, 32, and 40 vol.% of CI particles. Jolly
et al. [67] measured the coefficients of friction for MR fluid lubricated iron-on-iron and nylon-on-iron
conformal interfaces. The COF was almost identical for both contact pairs. Jolly et al. [67] compared
the four types of MR fluid from Lord corporation with dry friction (0.18), and the measured COF was
in the range of 0.04 to 0.07 for all samples.

0.009
. —— Experimental value 3um 7
0.7 (a) —@— Experimental value 5um 0.008 - &2 3um (b)
—A— Experimental value 7um R 5;lm‘

- | - ¥~ Theoretical value 3pm |
;-:' 0.6 - - Theoretical value 5um 0.007 m 7pm KR
5 - 4~ Theoretical value 7um 0.006 L _ :::2::5
=05+ 0 ; TR
= & ot
2 —0.005 | o0
Q = 4 =
o s &
— 04+ L KA
g 50.004 F § oo 7
S 2%
‘303 0.003
53
2 0.002 7 N

02F

0.001 %
01 1 1 1 " 1 1 1 1
60 80 100 120 140 160 180 0.000 100 140 180
Velocity (mm/s) Velocity (mm/s)

Figure 6 The effect of particle size on friction coefficient and wear for O-ring seal flooded in MR fluid [58]

2.3  Transient response of magnetorheological fluid

The MR fluid exhibits a time delay between the course of the magnetic field and dissipation energy
(shear stress, force, torque, etc.). This time delay is associated with several factors such as particle
microstructure development, deformation of particle chains (clusters) or hydrodynamic phenomena
during the flow, which are differently important depending on loading mode and shear rates. The
simplest dynamic system, which can serve as an approximation of the dynamic behaviour of MR fluid,
is a first-order system. The response of such a system to a step control signal (magnetic field) is shown
in Figure 7. The response is expressed by the time constant zs; (primary response time), which
determines the time when 63.2 % of the maximal controlled value is achieved. Despite this, several
papers also use the response time (rise time) g0 as the time when 90 % of the maximal controlled value
is achieved [68-70]. The criterion of 90 % is frequently used for the description of the dynamic
behaviour in industrial applications.
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Figure 7 First-order system

The information for evaluation of the response time of MR fluid is always connected with the
monitored phenomenon (physics) or the method of its measurement. It can be monitored shear
stress [71], pressure drop [72], or magnetic permeability [73] of MR fluid. The MR fluid response time
is composed of other partial time responses, which are differently important depending on the operating
conditions and the method of MR fluid loading. The response time of MR fluid can be divided into (i)
particle structure development response time, (ii) rheological response time, and (iii) hydrodynamic
response time. It is necessary to note that this division is not stable and was introduced by the author of
the thesis.

2.3.1 Particle structure development response time

This response time is related to the chaining of particles (particle microstructure development) in the
direction of the magnetic field without flow conditions of MR fluid. Jolly et al. [73] proposed a method
by which particle chaining time can be deduced from the transient change in the relative magnetic
permeability of the MR fluid. Two-time responses were observed. The first attributes the connection
with the transfer of particles into diverse chains (pair formation). The second (an order of magnitude
slower) connection with the migration of these initial chains into longer and stronger structures. The
response time was between 5 and 10 ms. The response time increases with increasing carrier fluid
viscosity and decreases with increasing magnetic flux density [73]. A similar measurement method was
also published by Horvath et al. [74].

2.3.2 Rheological response time

The rheological response time is connected with the development of shear stresses in MR fluid during
deformation/ flow (shear rate) on step change of magnetic field. This response time also includes the
response time of particle structure development (previous section). The mechanism in shear mode is
relatively simple. The deformation of the particle chains (clusters) creates an increase in shear stress ¢
due to restoring force. The rheological response time is the time needed to increase 63.2 % or 90 % [70]
of the final value of MR fluid shear stress. Sherman [70] noted that the MR fluids have no response time
but instead a response shear y:. Therefore, this behaviour is connected with the pre-yield regime of MR
fluid. The rheological response time z; can be determined by the equation:

" (®)
Ty = —
Ty
where v, is shear response and y is shear strain rate. The information or papers in this research field is
rare. Sherman et al. [70] created a chain model of MR fluid. This model is based on one million particles.
One result of this paper is shear stress time history on step change of magnetic field, see Figure 8 left.

The rheological response time 790 wWas determined as roughly 0.4 ms. The MR fluid has a volume particle
fraction of 25 % and was under the shear rate of 500 s. Koyanagi et al. [75] developed a method for
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the measurement response time of electrorheological (ER) fluid. ER fluids exhibit similar rheological
behaviour as MR fluids. This team [75] experimentally determined the response time as 0.95 ms. Laun
and Gabriel [71] determined the response time of MR fluid of 2.8 ms at a shear rate of 100 s* and
magnetic flux density of 2.08 T. Sherman [70] also evaluated from the chain model results that the shear
response of MR fluid is dependent on Mason number and also particle concentration. In the current state
of the art can be found more papers dealing with the response time of MR fluid [76, 77]. In these cases,
the authors measured the time constant of measuring devices instead of the time constant of MR fluid.
A similar statement was made by Sherman [70].
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Figure 8 The time dependency of shear stress on step change of control signal from Sherman model (left) [70]
and Koyanagi experiments (right) [75]

2.3.3 Hydrodynamic response time

The research studies of Sherman [70] or Goldasz et al. [6] show that pressure drop across the flow
channel created by MR fluid yield stress decreases with the increasing gap velocity. This statement is
based on CFD (computational fluid dynamics) simulations. This phenomenon is related to transient
rheology connected with the development of velocity profile in the gap and is often referred to as the
hydrodynamic fluid response time, see Figure 9. This response time is connected with high shear rates
and valve mode. Goncalves [72] experimentally determined that the hydrodynamic response time
(63.2 %) is 0.73 ms for magnetic field 100 kA/m and 0.53 ms for magnetic field 200 kKA/m. The MRF-
132L.D was used in this study. Gavin et al. [78], in the study on ER dampers, modelled the transition
from a fully developed Bingham profile to a Newtonian flow.

Section Section

NI NI

Section

Figure 9 Velocity profile development of MR fluid under magnetic field [72]

The yield stress of ER fluid was assumed to drop to zero quicker than the dissipation energy due to the
development of the velocity profile. The characteristic time scale is connected with an MR fluid density,
the geometry of the gap, and the fluid’s viscosity.
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2.4  Knowledge gaps

In the current state of the art in the field of (i) tribological properties and (ii) transient response of MR
fluid can be found several knowledge gaps.

(1) Transient response: hydrodynamic response time

Studies on the transient behaviour of MR fluid at shear rates encountered in MR dampers are
relatively rare, especially with experimental data. The Goncalves [72] stated that the hydrodynamic
response time decreases as the magnetic field increases. However, the trends are unknown. The
temperature effect (viscosity) on this behaviour was not studied. Therefore, our study [79] deals
with this knowledge gap.

(i) Transient response: rheological response time

In general, the information about the transient response of MR fluid is limited. This issue is
becoming more critical due to the development of MR devices with excellent transient behaviour,
where the limiting part is the MR fluid itself. The rheological response time of MR or ER fluid was
experimentally determined in two studies [75], [71]. Both studies presented response times for one
experimental condition and one selected MR fluid. The effect of shear rate or MR fluid composition
on rheological response time is unknown. Therefore, our study [80] deals with this knowledge gap.

(iii)  Tribological properties

Many papers deal with the measurement of the friction coefficient of MR fluids [58, 61, 62].
However, most of these studies were limited to a narrow range of loads or speeds (low range of
Hersey numbers). Only Shahrivar et al. [65] measured friction coefficient in the higher range of
sliding speeds. Therefore, the information on the course of the friction coefficient in a wide range
of Hersey numbers (Stribeck curve) is limited. The effect of particle concentration on each
lubrication regime is also limited. Therefore, our study [81] deals with this knowledge gap.

2.5 Author’ s contribution to the field

Based on the above references, the information about the tribological properties and transient behaviour
of MR fluid is still limited. Therefore, the author of the thesis published three papers focused on those
research fields. The first study (i) deals with determining the hydrodynamic response time of MR fluid.
The new experimental approach and unique rheometer design were published. The effect of the magnetic
field, viscosity (temperature), and gap size were determined. The second study (ii) contains the
measurement of transient response (rheological response time) of MR fluid on the rapid change of
magnetic field in shear mode. The effect of carrier fluid viscosity, fluid magnetization, or the shear rate
was determined and discussed. The third study (iii) deals with measuring friction coefficient in the high
range of Hersey number. The effects of particle concentration and temperature were presented. All the
papers were published in peer-reviewed WOS journals with IF. The list of the included papers is as
follows:
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25.1 Hydrodynamic response time of magnetorheological fluid in valve mode: model

and experimental verification [79]
The first paper demonstrates the author’s contribution to the field of the transient response of
magnetorheological fluid. The main aim of this paper was to determine the hydrodynamic response time
of MR fluid operating in valve mode and the result compared with analytical formula and CFD
simulations. The new and unique slit-flow rheometer design and method evaluation of MR fluid
response time (time constant) was published, see Figure 10. This method is based on how much time
the ferromagnetic particles of MR fluid spend in the presence of the magnetic field. The magnetic model
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Figure 10 Layouts of the test rig [79]
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The experimentally determined hydrodynamic response time 7o of MR fluid varies from 0.4 ms to 1 ms
for the selected gap size (g = 0.65 mm) and the selected ranges of magnetic field (H = 11.2 kA/m to
55 kA/m). The higher the magnetic field, the lower the hydrodynamic response time is. This dependence
is nonlinear; see Figure 11 left. The analytical model shows the same trends as the CFD model and the
experiment. The effect of temperature (MR fluid viscosity) and gap size was also presented. The
hydrodynamic response time o 0f MR fluid increases as the MR fluid temperatures increase (decrease
viscosity). As the gap size increases, the hydrodynamic response time zgo of MR fluid also increases
significantly. The new analytical model was proposed according to experimental data and CFD
simulation, see Figure 11, right.

2.0 0.20
18 © w
. o | Not taken for evaluation ‘
1.6 & T,=0.235/(1+0.2B
5l ™ 0.15 ( )
14 5
e 1.2 S5 _
£ 10 2 — o z —0.10
S -
0.8 Al o g o Bl 5
B a A ~=al
06 8 —a @
0.4 -] o 0.05 E\ﬂ\f
. - O Sherman model O Experiment
0.2 0 Experiment A CFD  © Analytical model A CFD Y Po—
0.0 0.00
0 10 20 30 40 50 60 0 1 2 3 4 5 6
H [kA/m] B[]

Figure 11 The results of the experiments [79]

2.5.2 Transient Response of Magnetorheological Fluid on Rapid Change of Magnetic
Field in Shear Mode [80]

The second paper deals with the rheological response time of magnetorheological fluid in shear mode
on the rapid change of magnetic field. The rheological response time is connected with the structuring
particle's time and the development of shear stress in MR fluid during the deformation. The main aim
of this paper was to experimentally determine the rheological response time of MR fluid and determine
the effect of shear rate, magnetic field level, and carrier fluid viscosity. The unique design of the
rheometer, which allows rapid change of magnetic field, was presented, see Figure 12. The new
approach for evaluating MR fluid rheological response time was also presented.

Detail with dimensions

Figure 12 Experimental test rig [80]

The experimentally determined response time (90 %) of the magnetic field was 0.335 ms. The
rheological response time of MRF 132-DG and MRC-C1L was in the range of 0.8 to 1.4 ms depending
on the shear rate. The rheological response time of MR fluid MRHCCS4-A and MRHCCS4-B ranges
from 5.5 ms to 1.9 ms for shear rate y from 11 s to 218 s™*. The value of the shear rate significantly
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influences the rheological response time at low shear rates. The higher the shear rate, the shorter the
response time. The fluid magnetization M also significantly affected the rheological response time. The
higher the magnetization M of the MR fluid, the lower the rheological response time. The MR fluid with
a higher carrier fluid viscosity n shows a significantly higher response time. However, all measured data
was generalized by Non-dimensional response time T" and Mason number Mn. The one master curve
was determined from measured data, see Figure 13. This is an important conclusion because the master
curve allows the determination of rheological time response for a given MR fluid and given load (shear

rates).
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Figure 13 Generalization of measured data [80]

2.5.3 Stribeck Curve of Magnetorheological Fluid within  Pin-on-Disc

Configuration: An Experimental Investigation [81]
The last paper demonstrates the author’s contribution to the field of tribology of MR fluid. The main
aim of the paper was to determine the COF of MR fluids in a large range of Hersey numbers. The effect
of particle concentration and temperature was presented. In this study, a rotating friction tester was used
to carry out all experiments. Tests were performed on the tribometer Bruker ZP-UMT TriboLab with a
pin-on-disc configuration. Commercial MR fluids supplied by the LORD company (MRF-122EG,
MRF-132DG, and MRF-140CG) were chosen as the MR fluid samples. These samples have different
particle concentrations. The measurement was carried out for temperatures of 40 °C and 80 °C using a
temperature chamber by Bruker. The COF of MR fluid was also compared with the COF of carrier fluid
(PAO).

Figure 14 Layouts of the test rig [81]
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It can be seen that the boundary, mixed, elastohydrodynamic (EHD), and hydrodynamic regimes of
lubrication were measured. However, the EHD regime (the area with the lowest COF) at MR fluid came
on at significantly higher COF than PAO. It was surprising that the COF in the boundary lubrication
regime is almost identical for all MR fluids, despite the presence of iron particles in MR fluid. No
significant temperature effect on COF was observed for MR fluid samples.
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Figure 15 The results of the experiments [81]
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Abstract

®

CrossMark

The transient behaviour of magnetorheological (MR) actuators affects their performance in
progressive semiactive control suspension systems. The two sources of the time delay between
the control signal and damping force are (a) dynamics of MR damper hardware and (b) the MR
fluid dynamics. The significant part of the MR fluid response time is the so-called
hydrodynamic response time which is connected with the transient flow. Due to the above, the
main aim of this paper is to experimentally determine the hydrodynamic response time of MR
fluid and present systematic means for characterizing it via computational fluid dynamics (CFD)
or analytical tools. The unique measurement method using an in-house patented slit flow
rheometer is presented. The essence of the method relies on determining the pressure drop
variation with the time spent by the fluid in the MR gap. The experimental determined
hydrodynamic response time of MR fluid ranges from 0.4 to 1 ms for a selected gap size and a
range of magnetic field stimuli. The results show that the higher the magnetic field, the lower
the hydrodynamic response time is. Both CFD and analytical models exhibit similar trends as
the experimental data. Moreover, the impact of temperature and gap size was determined. Here,
the higher the gap size and temperature of MR fluid, the longer the response time is.

Keywords: transient rheology, unsteady flow, hydrodynamic response time, response time, MR

fluid, MR damper, magnetorheological fluid

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetorheological (MR) fluid is a smart material that exhib-
its a reversible and fast transition from a liquid state to a
pseudo-solid (an increase of yield stress) under the applica-
tion of an external magnetic field. This phenomenon is called
an MR effect. By principle, MR fluid is a two-phase fluid
consisting of micron-sized highly magnetizable particles in a

“ Author to whom any correspondence should be addressed.

1361-665X/21/125020+12$33.00

non-magnetizable carrier fluid. When the MR fluid is ener-
gized by the magnetic field, the ferromagnetic particles are
magnetized and form chain-like structures in the direction of
the magnetic field. The fluid then exhibits a significant increase
of the yield stress. The ferromagnetic particle size [1], its dis-
tribution [2], concentration, material, and the level of the mag-
netic field have a dominant effect on the value of MR fluid’s
yield stress. The carrier fluid is usually silicon oil, mineral
oil, or synthetic oil [3]. Furthermore, additives are added to
improve sedimentation stability [4—6], rheological or tribolo-
gical [7] properties of MR fluid. These properties allow the use

© 2021 IOP Publishing Ltd  Printed in the UK
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of MR fluid in electro-mechanical systems such as dampers
[8—11], clutches [12, 13], or seals [14—16]. MR dampers are
currently used in the automotive/railway/aviation industries
and the like. The transient (dynamic) behavior of the MR
damper is a fundamental property affecting the performance
of this technology in modern semi-actively controlled suspen-
sion systems [17]. The two sources of the time delay between
the control signal and damping force are as follows (a) dynam-
ics of MR damper hardware and (b) the MR fluid dynamics.

1.1. Response time of MR damper hardware

The significance of the response time (transient behaviour) of
MR damper hardware was listed in several publications and
the main sources of the delay were identified as (a) eddy cur-
rents in the coil core [18, 19], (b) inductance of the MR damper
coil [11], or (c) compressibility of the hydraulic system of the
MR damper [20]. When the magnetic field changes rapidly in
the magnetic circuit of the damper, eddy currents are gener-
ated, which produce a magnetic field in the opposite direc-
tion than the induced magnetic field by the magnetizing cur-
rent. The eddy currents can be reduced by either a selection
of material properties (SMC—soft magnetic composite, fer-
rite, etc) [11] or the so-called shape approach [21]. The shape
approach is based on the use of a magnetic circuit with thin
sheets or with suitably located grooves. This approach is cur-
rently under development. The slow increase and decrease of
electric current relative to the control voltage signal due to the
inductance of the coil can be solved by the current control-
ler with the over-voltage method [21]. The compressibility of
the MR fluid also affects the transient behaviour of the MR
damper especially at low piston velocities [20]. The subject
of MR damper hardware dynamics has been relatively intens-
ively described. The recently developed MR dampers achieve
the response time of 1.2 ms which is probably within the time
scale of the MR fluid response time itself.

1.2. Response time of MR fluid itself

Studies on the transient/dynamic behavior of MR fluids or
ferrofluids are relatively rare. The best-known study which
highlights the significance of MR fluid response time is the
research of Goncalves et al [22]. This team published the res-
ults of their measurements of MR fluid response time using a
slit-flow rheometer in valve mode. The author introduced the
concept of fluid dwell time. This is the time that ferromag-
netic particles of MR fluid spend in the presence of a magnetic
field. The authors observed a decrease in MR fluid yield stress
with the decreasing dwell time. By definition, the dwell time
of 63.2% of the expected (steady-state) value of yield stress
is equal to the response time. The authors assumed that this
yield stress degradation is connected with the particle pair-
formation time in fluid [22].

Carvalho and Gontijo [23] modeled the physical timescales
responsible for ferrofluid dynamics. They identified three main
sources: (a) Brownian relaxation time of particles, (b) mag-
netic timescales associated with the applied magnetic field,
and (c¢) hydrodynamic timescale associated with the flow’s

characteristics and geometry of the gap. The hydrodynamic
timescale is significantly greater than the Brownian relaxation
timescale and also than the magnetic time scale at low Péclet
numbers.

Modeling of particle chain formations and their dynamics
were dealt with by relatively many authors [24-26] and quite
often resulting in spectacular visualizations of particle chain-
ing structures (microstructure development) in time and relat-
ing it to flow characteristics of the fluid.

Jolly et al [27] developed a new method for indirect meas-
urement of microstructure development in MR fluid. The
method relies on measurements of magnetic induction change
(change of MR fluid relative permeability) due to microstruc-
ture development. The characteristic time for particle structure
development is proportional to the carrier fluid viscosity due
to particle movement. The lower the viscosity, the lower the
characteristic time is. The characteristic time is also dependent
on particle concentration and magnetic induction magnitude.
It should be noted that the measurement was done at a zero
shear rate. A similar method was also published by Horvath
et al [28].

Gavin et al [29] in their study on ER dampers modeled the
transition from a fully developed Bingham profile to a New-
tonian flow. The yield stress of ER fluid was assumed to drop
to zero quicker than the dissipation energy due to the devel-
opment of the velocity profile. The characteristic time scale is
connected with a MR fluid density, the geometry of the gap,
and the fluid’s viscosity.

The research studies of Sherman [30] or Goldasz et al [31]
show that pressure drop across the flow channel decreases with
the increasing gap velocity. In Goncalves et al [22] experi-
ments, this is related to transient rheology connected with the
development of velocity profile in the gap. This statement is
based on computational fluid dynamics (CFD) simulations.
Laun er al [32] also stated that Goncalves results are connected
with a hydraulic time constant of devices. This phenomenon
is often referred to as the hydrodynamic fluid response time.

Sherman [30] published a model for the hydrodynamic
response of MR fluids. This model is based on an analytical
solution of the start-up flow of Bingham plastic fluid between
parallel plates [33]. The author construct fit of data Darpa ef al
[33] in term of dimensionless response time 7'; and Bingham
number B; as follows [30]:

0235
Y 140.2B;°

The Bingham number B; is defined as ration of yield stress
forces to viscous stress forces as follows [34]:

A
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where 7, is MR fluid yield stress, 7 is off-state viscosity, '
is charasterics shear rate of system. For a Newtonian fluid, the
dimensionless response time can be calculated as follows [30]:
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where f, is response time, p is the density of the fluid, /4 is v Lot

gap size. It is important to note that ¢, is the time needed for I |xewron I ewron aincram 111
e T e )
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formula applies to pressure-driven channel flows. HhET ) &S ouTLEY
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Studies on the transient behaviour of MR fluid at shear rates
encountered in MR actuators are relatively rare, especially
with experimental data. Most authors only modeled this phe-
nomenon [29-31, 33]. Sherman [30] stated that the valida-
tion of the models requires high-quality experimental data.
The main requirements on the rheometer are temperature con-
trol and exclusion of entrance effects. The Goncalves [22]
stated that the response time decreases as the magnetic field
increases. However, the trends are unknowns. The temperat-
ure effect was not studied.

Given the above, the main aim of this paper is to experi-
mentally determine the hydrodynamic response time of MR
fluid operating in valve mode (at high shear rates). The
developed rheometer respects the requirements above and a
unique measurement method is presented. The measured data
will be compared against the Sherman model and CFD results
to verify the hydrodynamic response time hypothesis in valve
mode. The effect of the magnetic field, temperature, and gap
size on response time are presented.

2. Materials and methods

2.1. The main idea of the measurement method

This method is based on the measurement of pressure drop
across the MR valve caused by an external magnetic field act-
ing on the MR fluid Ap. in relation to the dwell time #gye .
In our opinion, this method significantly extends the paper
of Goncalves et al [22]. The challenge was to separate the
effects of viscosity, temperature and entry/exit lossed on pres-
sure drop from the measured data.

Therefore, the measurement procedure consists of two
parts. The first measurement part was carried out at zero mag-
netic fields (H = 0 kA m~!) and Newtonian behavior of the
MR fluid is considered in areas I to III, see figure 1. As such,
the pressure drop Apog (H =0 kA m~") across the region I-III
can be calculated as follows:

P1—put = Apott = Apy + Apy, (D

where Ap,, is the viscous pressure drop and Ap,, is the pres-
sure drop due to entrance and exit losses to the gap. In the
second series of the measurements, the test MR valve (gap)
was split into two areas: (I-1I) non-energized and (II-1II) ener-
gized, see figure 1. It is assumed that the velocity profile at
the interface (II) is fully developed (Newtonian). The second
measurement of the pressure loss Ap,, is already in the pres-
ence of a magnetic field (H # 0 kA m~!) across the length Ly;.
The pressure drop Ap,, is then:

P1—pm = Apon = Apy + Apy + Apr = Apose + Apr (2)

Figure 1. Flow channel.

where Ap. is pressure drop due to the yield stress of MR fluid
on the length Ly;. From the measured pressure drops Apogr and
Apon, the pressure drop due to the MR fluid yield stress Ap,-
is determined as follows:

APT = Apon - Apoff- 3)

However, it is to be expected that the temperature will vary
between the consecutive measurement series blocks. There-
fore, it was necessary to use an external cooling circuit to sta-
bilize the MR fluid sample temperature. The dwell time fqyep
was defined as the time that the MR fluid spends in the pres-
ence of the magnetic field. The dwell time 74,1 Was calculated
using the mean flow velocity in the gap vy, and the length Ly
as follows:

Lawell = I‘%{ “)
It is assumed that the MR fluid needs the time #; or length L,
to transform the Newtonian velocity profile to a plug velocity
profile (Bingham plastic) to exhibit the dissipation energy due
to MR fluid yield stress. The time ¢ or length L; is probably the
result of MR fluid deceleration/acceleration in the gap. In the
case of Ly > Ly and given the mean velocity in the gap vy,
the velocity profile is not developed from Newtonian profile to
that of Bingham, and dissipation energy due to MR yield stress
is not observed Ap, = 0 although the yield stress is not zero
(H # 0 kA m™"). Otherwise (L, < Ly) the velocity profile
is quickly developed and there is no significant effect of MR
fluid deceleration/acceleration.

2.2. Experimental test rig

The functional layout of the apparatus is shown in figure 2.
The experimental rig (slit-flow rheometer) is energized by the
Inova hydraulic dynamometer AH 40—150 which imposes the
motion of the floating piston (d, = 32 mm). The motion of
the floating piston forces the test MR fluid to flow through the
slit gap of the rheometer (MR valve). The slit gap (gap size
g = 0.65 mm, width wy = 32 mm and length L = 50 mm) is
made of two grinded blocks. Each block consists of a com-
ponent made of non-magnetic stainless steel (light blue) and
a component made of pure iron (yellow). Therefore, the mag-
netic flux can flow just through the yellow part as can be seen
in detail in figure 2. The geometry of the inlets to the gap was
optimized with CFD simulations to minimize pressure drop at
entry/exit Ap, (light grey).
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Figure 3. Rheometer configuration.

In order to stabilize the MR fluid sample temperature in
the rheometer, a temperating circuit was used as shown in
figure 2. This circuit was powered by a refrigerated circulating
bath Haake K10 DC50, see figure 3. The demagnetization of
the magnetic circuit was by a sinusoidal electric current sig-
nal with decreasing amplitude. The pressure drop across the
slit gap was monitored with two pressure sensors HBM PSAP.
The MR fluid temperature was acquired by a resistance tem-
perature sensor PT100 which was located near the entrance to
the slit gap. The motion of the floating piston was measured
using the LVDT transducer/position sensor accommodated in
a hydraulic dynamometer. These signals were recorded and
conditioned at the sampling frequency of 2 kHz using the ana-
lyzer Dewe-800.

2.3. Measurement methodology and evaluation

The measurement procedure was as follows: (a) eight sinus-
oidal cycles at the given frequency f; (b) pause to switch
power supply current on and temperature stabilization; (c)
eight sinusoidal cycles at the frequency f and electric current
I; (d) demagnetization of the magnetic circuit. Measurements
were performed for various frequencies at the stroke amplitude
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Figure 4. Pressure drop evaluation procedure example: 0.4 A,
0.5 Hz.

of 48 mm. The piston velocity v, was determined by derivat-
ing the piston position. In order to estimate the pressure drop,
the data points were selected which fell within the 2 mm mar-
gin from the midstroke position and at min. 99% of the max-
imum piston velocity. Furthermore, only one direction of flow
through the gap was selected for the following evaluation fact
that the MR fluid has a fully developed velocity profile on the
entrance the field energized region of the flow channel, see
figure 2. Exemplary results with the highlighted data points
for the evaluation procedure can be seen in figure 4.

Next, in order to determine the yield stress from the meas-
urement is presented equation below:

- _ Arrg
0T 2Ly

o)

The results from the measurement of Ap,. were normalized
Y apr and compared using the following equation:

Ap- (i)

~ max(&p, ()] ©

Yapr (i)

where i is the measurement number and max(Ap, ) is the max-
imum value of Ap, that corresponds to the steady-state. The
normalized data ¢ s, were then least-squares fitted in Matlab
using the following function:

1/} = [1 — Clecz(tdwm_c4) ]tanh[C3 (tdwell — C4) (7)

where ¢y, ¢3, 3, and ¢4 are constants that were obtained by the
curve fitting. This equation is necessary for precise calculation
of the hydrodynamic response time 79y of the MR fluid from
measured data.

2.4. Test sample

MR fluid MRF-132DG from Lord Corporation was used for
testing. This is hydrocarbon-based MR fluid using for gen-
eral energy-dissipating applications as dampers or brakes. The
volume concentration of ferromagnetic particles in the tested
sample was experimentally determined to be 32.6% and the
sample density was 3106 kg m~>. These data were determ-
ined by volume and weight measurement. The particles are
spherical and average size (diameter) is 2.1 pm. The particle
distribution is according Q3 [35]. The particle material is car-
bonyl iron.



Smart Mater. Struct. 30 (2021) 125020

M Kubik et al

0.30

a 35.07

0.25

1= W+T)e~ (1348 + T)15°

n [Pa.s]
o
=
w

0.05

0.00

0 20 40 60 80 100
T [°C]

Figure 5. MR fluid sample viscosity data (black circle:
measurement; red curve: Slotte model fit).

The viscosity of MR fluid was measured using the rota-
tional rheometer Haake RotoVisco 1, the sensor system ISO
3219720 DIN. The viscosity of MR fluid was measured at the
constant shear rate 800 s~! during 30 s at a selected temperat-
ure. This data is input to the CFD simulations and next eval-
uation. The measured data were curve fitted using the Slotte
model, see figure 5.

2.5. Magnetic model

The magnetic model was created in Ansys Electronics
Desktop 19.2. The geometry of the magnetic circuit was sim-
plified and the symmetry boundary condition was used, see
figure 6. The boundary condition Insulating was applied on
the electromagnetic coil geometry. The excitation of the coil
was by coil terminal. The magnetization curve of the mag-
netic circuit material (pure iron, trademark name Behanit) was
determined using the measurement system Remagraph C-500.
The magnetization curve of the MR fluid sample was extrac-
ted from the datasheet of the MR fluid supplier. The relative
permeability of other materials was considered to be equal to
1. This magnetic model was necessary for the calculation of
(a) the length Ly; and (b) the magnetic field intensity H in the
gap with MR fluid. The length Ly; will be determined based
on the drop of magnetic flux density to 10% of the maximum
value.

2.6. CFD model

Ansys CFX 14.2 was used for transient simulations. The geo-
metry of the flow domain was simplified to the 3D parallel
plate configuration, see figure 7. The inlet boundary condition
was set at the entrance and the output at the exit assuming the
relative pressure of 1 bar. The prescribed velocity at the inlet
varied sinusoidally. Moreover, no-slip wall boundary condi-
tions were set in the remaining portions of the model. As the
Reynolds number was below 500 at the highest frequency, the
laminar flow model could be assumed for the analysis. The
residual target was set to 5 x 107>, The time step was vari-
able and each calculation was completed within 120 simula-
tion steps.
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Figure 6. Simplified geometry of the magnetic circuit (orange:
Behanit, blue: MR fluid/air, yellow: stainless steel, grey: brass, light
blue: polyamide, red: copper)—above; magnetization curves of
Behanit and MRF—down.

Figure 7. Flow domain and mesh.

The flow domain was divided into two sections correspond-
ing to the illustration in figure 2. In both sections, 50 elements
with the bias factor set to 3 were used across the flow gap. The
MR fluid is assumed to be continuous fluid and its behavior
under the magnetic field is described by the bi-viscous con-
stitutive model, see figure 8. This MR fluid model was applied
to the selected flow domain geometry using the CEL func-
tion. The bi-viscous model rather than the Bingham model was
selected to avoid the singularity present in the latter at zero
shear rate.

The limit of shear rate was set 4;,, = 0.01s~!'. The bi-
viscous model was set as follows:

70 .
Napp = ’Y_ + 107 > Mim

T0 . .
Tapp = ——7 = Miim (8)

lim
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Figure 8. Bi-viscous model of MR fluid flow used in the simulation.

where 7., 1s apparent viscosity of MR fluid, 7 is viscosity
and " is shear rate. This is a common approach often used in
handling ER/MR fluid flows, e.g. Bullough et al [36].

3. Results and discussion

3.1 Calculation of the length Ly

The length of an active zone Ly, is an important input for the
dwell time calculation. The length Ly; was determined from
the magnetic model as the distance at which the magnetic flux
density drops to 10% of the maximum value in the gap.

The results for the different electric currents are presented
in figure 9 above. This data was normalized due to the different
maximum values of magnetic flux density, see figure 9 down.
The length Ly; was determined to be equal to Ly; = 8.8 mm.
The length of the pole piece is 8 mm. The evaluated value is
higher due to magnetic leakage. It is necessary to note that
given the different magnetic properties of MR fluid (differ-
ent particle concentration, particle size, etc) the length Ly
will vary. The better the relative permeability of MR fluid, the
lower the length Ly is. The other result of the magnetic model
is the magnetic field intensity H in the MR fluid sample in the
middle of pole pieces dependent on the electric current / of the
coil, see figure 10. This information is important for general-
izing the measured data.

3.2. Measured pressure drop and CFD model verification

Figure 11 shows the pressure drop Ap measurement on- as
well off-state conditions, respectively for given electric cur-
rent (only selected data are presented). The hydrodynamic
response time was evaluated from this data. The MR fluid
yield stress was evaluated at a low fluid velocity in the gap
(4.6 m s~ 1) to eliminate the transient effect on the data. Based
on equation (5), the yield stress 79 was determined as a func-
tion of the magnetic field intensity H, see figure 12 above.

These data were compared against the MR fluid datasheet.
At the higher magnetic field intensities H, the measured yield
stress exhibits higher values than those advertised by the man-
ufacturer. The maximum difference was 11% (at the magnetic
field intensity of 56 kA m~') which is acceptable. The yield
stress data were input to the CFD simulation. The compar-
ison of pressure drop caused by the MR fluid yield stress Ap.,
from measurement and CFD simulation results can be seen in
figure 12 down.
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Figure 9. Magnetic flux density over the length of the gap in the
direction of flow at various electric currents in the coil—above;
normalized results of magnetic flux density—down.
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Figure 10. Magnetic field intensity H vs coil current 1.

3.3. Dwell time effect on pressure drop

The normalized measured pressure drop data to the MR fluid
yield stress t5,, (black circle) and CFD simulation (red
square) dependency on dwell time #4ye at various magnetic
fields H are presented, see figure 13. The experimental data
were curve-fitted using equation (5), see equation (7) the blue
line in figure 13. The hydrodynamic response time 799 was
determined from this equation.

Very good agreement between experimental data and the
numerical results was achieved. The most significant differ-
ence can be seen just at the low magnetic field intensity H
(I = 0.25 A). Most likely, the discrepancy was due to the
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Figure 11. Selected raw experimental data: pressure drop vs
velocity.

fluid heating contribution during the experiment. Another pos-
sible source of discrepancy is the accuracy of pressure sensors
because in this case the pressure drop Ap, reached values
were on the order of tenths of the bar. This result of the

Goncalves experiments. The study of Bullough et al [36] also
shows the same trends. For our configuration (g = 0.65 mm,
temperature 40 °C and MRF 132-DG) the response time Tgq
ranges from 0.4 to 1 ms depending on the magnitude of the
magnetic field H. Moreover, the experimental data and the
CFD results were compared with the Sherman’s analytical
model. The comparison was made at the corresponding shear
rates and the same yield stresses, viscosity, gap size, and MR
fluid density as was in the experiments.



Smart Mater. Struct. 30 (2021) 125020 M Kubik et al
1.1 11
1.0 o (0= 1.0 o
0.9 =] 0.9
o
0.8 i 0 0.8
0.7 o 0.7 o
~ 06 o — 0.6 L
505 1=0.25A 5o 1=03A
LY, H = 8.6 kKA/m = H=11.2 kA/m
03 Tove =40.08°C 03 Tve = 40.03 °C
0.2 g =0.65mm 0.2 g =0.65mm
01 0 Measurement —Fit 0O CFD 0.1 0 Measurement ——Fit O CFD
0.0 0.0
0 0.5 1 15 2 2.5 3 0.5 1 1.5 2 2.5 3
tawenlMs] tywen [Ms]
1.1 1.1
1.0 T T 1.0 Fo) Q a et
0.9 0.9
0.8 g 0.8 °
o
0.7 = _ 0.7 o
-'—H 0.6 ﬁ'_ 0.6
%05 1=035A Z05 1=04A
id H=14.2 kA/m = i H=17.6 ka/m
0.3 Tave =40.15°C 03 T e =40.10 °C
0.2 g=0.65mm 0.2 g=0.65mm
0.1 0 Measurement =—Fit O CFD 01 o Measurement ——Fit 0O CFD
0.0 0.0
0 0.5 1 1.5 2 25 3 0.5 1 1.5 2 2.5 3
tdwg]/ [mS] tdweﬂ [ms]
1.1 1.1
1.0 Ll 1.0 o n
0.9 0.9
0.8 0.8 °©
0.7 - 0.7 a
g8 1=0.45 A 506
305 =0 305 [=0SH
= e H=21.2kA/m = Bt H=25.2kA/m
0.3 Toe=40.1°C 03 Tove = 40.05 °C
0.2 g =0.65mm 0.2 g=0.65mm
0.1 o Measurement ——Fit O CFD 0.1 0 Measurement ——Fit O CFD
0.0 0.0
0 0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
Eawer [ms] Cayen [MS]
1.1 1.1
1.0 =i} u 1.0 Qi
0.9 ﬁ 0.9 F
0.8 0.8 o
0.7 2 0.7
Zos ~ 06
205 1=0.6 A 505 1=07A
> = = _
0.4 HegL Lk W 0.4 H=44.3 kA/m
03 TMO= 40.09 °C 03 Tove = 40.04°C
0.2 g =0.65mm 0.2 g =0.65mm
0.1 o Measurement ——Fit O CFD 0.1 0 Measurement —Fit 0O CFD
0.0 0.0
0 0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
twen [MS] Eawen [MS]

Figure 13. Normalized pressure drop vs dwell time and coil current.

The analytical model shows the same trends as the CFD
model and the experiment, see figure 14. However, the abso-
lute value of the response time T is higher and varies from
0.8 to 1.6 ms. This difference is understandable because the
analytical model was obtained by fitting the Darpa data. Darpa

et al [33] used different excitation inputs. They used a constant
pressure gradient and monitored the flow rate.

In our case, we applied a constant flow rate and monitored
the pressure gradient. Note that Sherman considered a planar
2D flow model with no contribution of the channel’s side-
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fully developed Newtonian profile to a Bigham type plug flow.
Figure 16 shows some insight into the velocity profile devel-
opment in time for the selected yield stress.

The fully developed velocity profile and plug thickness can
be also calculated analytically. In figure 16 case, the analytic-
ally determined plug thickness achieved a value of 0.26 mm
which corresponds with results from CFD simulation, see
figure 16 red.

3.5. Temperature effect on hydrodynamic response time

Three temperatures (40 °C, 50 °C, and 60 °C) and two coil
current levels were selected to demonstrate the temperature
effect on the hydrodynamic response time 7gg, see figure 17.

Figure 17. Impact of temperature on the normalized pressure drop
(measurement).

The hydrodynamic response time increases as the MR fluid
temperature increases as shown in figure 18.

However, the rate of the response time change is also
dependent on the level of magnetic field intensity H (yield
stress). The higher the yield stress, the lower rise of the hydro-
dynamic response time 7o is. The data presented in figure 18
were determined by the new model and MRF 132-DG fluid
viscosity data. The increase in response time is due to the
decreased viscosity of the MR fluid and changes in the Bigham
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number B;. Bullough et al [36] showed that the viscosity of the
fluid has a significant effect on the response time and thus the
measured data corresponds with their results. Thus, it can be
stated that the dependence of the hydrodynamic response time
Tgp Oon temperature is strongly nonlinear and as the temperature
increases (viscosity decreases) the response time T increases
significantly.

The low viscosity of MR fluids is advantageous in achiev-
ing the dynamic force range of the MR damper. However, as
it can be seen from figure 18, it prolongs the hydrodynamic

10

response time. The design of the MR damper will therefore
be a trade-off between the transient behavior and the dynamic
force range.

3.6. Effect of gap size

Using the verified CFD model, the effect of gap size on the
hydrodynamic response time 79 was tested, see figure 19. As
the gap size increases, the hydrodynamic response time also
increases significantly. Within the examined gap size range
from 0.5 to 1 mm, the effect of gap size on the response
time is most linear. Increasing the gap increases the dynamic
force range of the MR damper. However, its dynamic behavior
deteriorates.

The same trends were described by Gavin et al [29] when
studying the transition from a fully developed Bingham flow
to a Newtonian one. Bullough et al [36] claimed that the gap
size has a dominant effect on the hydraulic time constant.

3.7 Discussion on the impact of the results on the design of
MR actuators

It is apparent that these results have a direct impact on the
design of MR actuators, e.g. MR high-speed energy absorbers
and MR dampers with fast semiactive control of damping force
at high shear rates.

3.71. MR high-speed energy absorbers.  These actuators
suffer from the yield force fall-off in on-state at high pis-
ton velocities, which significantly reduces the dynamic force
range of the damper at these velocities [12, 37]. This decrease
is due to the heating of the fluid and the presented hydro-
dynamic response time contribution. Based on the presented
data, the minimum length L, of the magnetic pole of the
damper to eliminate the effect of transient flow on the pres-
sure drop can be determined. The minimum length Ly, of the
magnetic pole in the damper can be determined as follows:

Lunin = vinToo- )
This problem is likely to be more significant for large dampers
(with high damping force) due to the size of the gap.

3.72. Fastsemi-active MR dampers. It can be expected that
if the magnetic field changes rapidly (step change) then the
yield stress of MR fluid also changing rapidly at high shear
rates [30]. This rapid change of MR fluid yield stress leads to
a change in the velocity profile from a Newton profile to the
Bingham plug flow followed by dissipation of energy. This
probably results in a time delay between the controlled mag-
netic field (control signal) and the dissipation energy (damp-
ing force). In our presented case, we had a different excita-
tion of the fluid. We used a constant MR fluid yield stress
and we determined the resulting pressure drop. It is uncer-
tain whether the mechanism will be the same for the force
rise to fast applied magnetic field variants. The authors of
the paper assume that this model can be used to predict the
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behaviour of fast changes of magnetic field (yield stress) with
some error. A simple analysis is presented below. The hydro-
dynamic response time of the fast MR damper can be calcu-
lated using the presented method as 799 = 0.39 ms (vgyp = 6
m s~!, yield stress of 10 kPa, plastic viscosity 0.11 Pa.s
(40 °C), MRF 132, and geometry) [11]. This is within the
time scale of the data presented by Strecker et al [11], where
the damper force response time was measured as 1.3 ms. The
force response time of the MR damper is also affected by
the hydraulic system compliance and the response time of the
electric current (coil inductance) in the coil (0.5 ms). Determ-
ining the MR fluid transient behaviour subjected to magnetic
field step inputs will be subject to further research.

4. Conclusion

The paper deals with the measurement of the hydrodynamic
response time of MR fluid operating in valve mode. The meas-
urement method and the unique design of the slit flow rheo-
meter is presented. The measured data were compared against
the CFD results and the analytical model. The effect of a mag-
netic field, temperature (plastic viscosity), and gap size on the
hydrodynamic response time were determined. The key find-
ings of this study can be summarized as follows:

e The experimentally determined hydrodynamic response
time 799 of MR fluid varies from 0.4 to 1 ms for the selected
gap size (g = 0.65 mm) and the selected ranges of magnetic
field (H = 11.2-55 kA m~"!). The higher the magnetic field,
the lower the hydrodynamic response time is. This depend-
ence is nonlinear, see figure 14.

e The CFD model agrees with the experimental data. The

analytical model presented by Sherman ez al [29] shows

the same trends as the CFD model and the experiment, see
figure 14. However, the absolute value of the response time

Too is higher. The differences can be explained due to differ-

ent fluid excitation. However, the analytical model respects

the trends and is, therefore, conservative and easy to use for
the design of MR actuators.

The hydrodynamic response time 799 of MR fluid increases

as the MR fluid temperatures increases (decrease viscosity).

The higher the yield stress of MR fluid, the lower the tem-

perature effect on the hydrodynamic response time 7g is.

As the gap size increases, the hydrodynamic response time

Tg9o of MR fluid also increases significantly. The gap size

has also the dominant effect on the dynamic force range of

the damper. The higher the gap size, the higher the dynamic
force range is. The design of MR dampers is a trade-off
between the dynamic force range and the dynamic behaviour

(response time).
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Abstract: The paper focuses on the coefficient of friction (COF) of a magnetorheological fluid
(MREF) in the wide range of working conditions across all the lubrication regimes—boundary, mixed,
elastohydrodynamic (EHD), and hydrodynamic (HD) lubrication, specifically focused on the common
working area of MR damper. The coefficient of friction was measured for MR fluids from Lord
company with concentrations of 22, 32, and 40 vol. % of iron particles at temperatures 40 and 80 °C.
The results were compared with a reference fluid, a synthetic liquid hydrocarbon PAO4 used as a
carrier fluid of MREF. The results show that at boundary regime and temperature 40 °C all the fluids
exhibit similar COF of 0.11-0.13. Differences can be found in the EHD regime, where the MR fluid
COF is significantly higher (0.08) in comparison with PAO4 (0.04). The COF of MR fluid in the HD
regime rose very steeply in comparison with PAO4. The effect of particle concentration is significant
in the HD regime.

Keywords: friction; Stribeck curve; magnetorheological fluid; pin on disc; MR damper;
tribological performance

1. Introduction

Magnetorheological (MR) fluid belongs into the group of smart materials enabling a change in an
apparent viscosity in over a great range, and this switching between two states can be reached within
1 ms [1]. The fluid is the suspension of micron-sized particles, which are usually made of pure iron
because of their favorable magnetic properties. These particles have a globular shape, and they are
suspended in the carrier fluid, for instance, water, silicone oil, or, in most cases, a synthetic hydrocarbon,
say, polyalphaolefin (PAO). When the magnetic field is applied, the ferromagnetic particles are
concatenated into chain formation along the magnetic flux lines. The cohesion of chain formations
causes an increase in the apparent viscosity of MR fluid [2]. This property is most often exploited by
MR dampers [3-5], brakes/clutches [6-8], seals [9,10], or flexible structures [11,12]. The applicability of
these MR devices in smart mechanical systems has several limitations. The main issues are as follows:
(i) the sedimentation stability [13,14]; (ii) an increase of MR fluid consistency during the MR fluid
loading called an in-use-thickening [15,16]; (iii) and the abrasiveness and poor lubricating properties
of the MR fluid [17]. Currently, the first two issues are being sufficiently solved by using suitable
additives to prevent the sedimentation and oxidation of iron particles.

The MR device lifetime is limited by two major sources of wear: (i) fluid flow wear and (ii) wear
inside the tribological contact pairs by iron particles or additives. Wear due to fluid flow in the damper
has been described in, e.g., [18]. Wear causes a decrease in the required force or torque due to an
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increase in the gap size. However, this problem can be solved by a suitable damper control strategy.
The wear or higher friction losses of tribological contact pairs is a significant problem for MR device
lifetime and performance. In the case of the MR damper, several tribological contact pairs can be
found: sealing and guiding of (i) the floating piston, (ii) the piston, and (iii) the piston rod. Wear of
these parts can cause worse functionality exhibited as a higher friction force and MR fluid leakage
from the device or into the gas chamber in the damper. Therefore, the basic knowledge of wear and
lubricating behavior of MR fluid in different tribological contact pairs can significantly help in practice.
Jolly [19] measured the coefficients of friction for MR fluid lubricated iron-on-iron conformal interfaces.
He compared the four types of MR fluid from Lord with dry friction (0.18), and the measured coefficient
of friction (COF) was an interval from 0.04 to 0.07 for all samples. Song [20] tested material pairs of
steel-on-steel and aluminum-on-aluminum. The normal force was applied at three levels and at three
levels of speed rotation. The COF was lower for the highest speed and the highest load. The lowest
COF was measured for the steel-on-steel configuration and the highest COF for the aluminum material
pair. Shahrivar [21] measured Stribeck curves of ferrofluids and MR fluid MRF-132DG from LORD.
He used configuration ball-on-three plates from stainless steel AIS 316. The COF was increased from
0.13 t0 0.19. Rosa [22] measured the Stribeck curve and tested the influence of particle size. The volume
concentration of the particle was very low, and it was set properly to 1 vol. %. The results indicate
that the COF is much lower for MR fluid with 0.4 um particles than at MR fluid with 1.3 and 2 pm,
which have almost identical COFE. Zhang [23] measured COF for different particle volume content
in commercial MR fluid from Lord company. The COF were almost identical (ca. 0.35) for 22, 32,
and 40 vol.% of CI particles. Leung [24] used, for wear and COF measurement, block-on-ring geometry
equipped with a stirring mechanism. He used a commercial MR fluid MRF-132DG from LORD as a
source of CI particles and substituted the original carrier fluid with similar viscosity as an original
carrier fluid and with four times higher viscosity. The measured COF of suspensions with higher
viscosity of carrier fluid was ca. 0.065 and it was almost identical for high concentration of CI particles.
For lower concentration it was significantly lower. The suspension with low viscosity of carrier fluid
had identical COF for all concentrations (ca. 0.08). It seems that the carrier fluid with higher viscosity
can form sufficient lubricating film, which can ensure the separation of both surfaces in contact into
such a level that the particles can move in the contact more freely.

The intention of detailed state-of-art synthesis was the comparison of the results from various
studies. Only tests with MRF-132DG from Lord company or fluids with similar composition, performed
in modes pin-on-disc, block-on-ring or block-on-ball on three plates were evaluated. From these data,
the viscosity of carrier fluids, the contact pressure, and the sliding speed of surfaces in contact from
several papers can be calculated or estimated. In some cases, the sliding speed was just estimated from
RPM. The viscosity for a certain temperature during measurement was also estimated. The contact
pressure was calculated as the ratio of the normal force to the contact area calculated from the used
geometry according to Hertz. The estimated (red) and calculated (blue) values are presented in Table 1.
In an MR damper, two important steel-steel tribological contacts are operating in the MR fluid, namely,
the piston rod guide and piston guide (no effect of a magnetic field). Considering a piston velocity in
the range of 0.05 to 2 m/s, a lateral force in the range of 50 to 1000 N, a piston diameter of 32 mm, and a
piston rod diameter of 12 mm, the range of a Hersey number between 1.E-11 and 1.E-09 for the piston
rod guide and piston guide was determined. It can be seen that there are relatively few studies in the
usual working condition of an MR damper.

The main goal of the paper is to determine the COF of MR fluids in a large range of a Hersey
numbers and to focus mainly on the working conditions in the MR damper, which is essential for
practical applications. The secondary aims are to describe the effects of particles on COF in the largest
possible range of Hersey number, the effect of particle concentration, and the effect of temperature.
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Table 1. Comparison of results from published studies (red: estimation value, blue: calculation)
[20,21,23,25-29].

Relative Normal . Viscosity COF Contact
Author Geometry Speed [mm/s]  Force [N] Contact Pair [mPa.s] [-] Pressure [GPa]
Sohn Block on ring 950 40 545C/S45C 14.2 0.8 1.433
Song pin on disc 780 50 brass/brass 14.2 0.13 0.012
780 20 steel/steel 13.6 0.12 1.367
780 50 steel/steel 13.6 0.11 1.855
780 100 steel/steel 13.6 0.1 2.337
780 20 brass/brass 13.6 0.16 0.862
780 100 brass/brass 13.6 0.1 1.474
780 20 alu/alu 13.6 0.12 0.673
Song pin on disc 780 50 alu/alu 136 015 0.913
780 100 alu/alu 13.6 0.11 1.150
330 50 steel/steel 13.6 0.12 1.855
1120 50 steel/steel 13.6 0.11 1.855
330 50 brass/brass 13.6 0.12 1.170
1120 50 brass/brass 13.6 0.11 1.170
330 50 alu/alu 13.6 0.14 0.913
1120 50 alu/alu 13.6 0.13 0.913
Won. block on rin 1623 292 steel/steel 15.1 0.06 2.658
J J 1623 292 steel/steel 15.1 0.08 26.585
31.25 1 alu/alu 13.6 0.5 0.156
Zhang pin on disk 31.25 5 alu/alu 13.6 0.25 0.267
62.5 1 alu/alu 13.6 0.5 0.156
62.5 5 alu/alu 13.6 0.25 0.267
31.25 10 steel/steel 15.1 0.3 0.683
Zhang pin on disk 31.25 10 alu/alu 15.1 0.3 0.336
31.25 10 brass/brass 15.1 0.25 0.336
390 50 steel/steel 15.1 0.16 1.855
Lee pin on disc 390 100 steel/steel 15.1 0.2 2.337
560 50 steel/steel 15.1 0.13 1.855
0.06 10 steel/steel 13.6 0.15 0.224
0.1 10 steel/steel 13.6 0.14 0.224
. 1 10 steel/steel 13.6 0.145 0.224
ball-on-th lat
Shahrivar  ball-on-three plates 10 10 steel/steel 136 015 0.224
100 11 steel/steel 13.6 0.17 0.224
1000 12 steel/steel 13.6 0.19 0.269

2. Materials and Methods

2.1. Measurement Method of COF

In this study, a rotating friction tester was used to carry out all experiments. Tests were performed
on the tribometer Bruker ZP-UMT TriboLab (ZP-44957) (Figure 1a) with a pin-on-disc configuration
(Figure 1b). This tester uses a rotary module to drive the disc sample fixed at the lower part. The pin
was used during the measurement stationary with the possibility to set the radial and vertical position
to the disc. The pin was fixed by an upper holder to the normal and radial force sensor. The measured
MR fluid or oil was applied to the plate surface with a volume of 12 mL, which ensured the fully
flooded contact. Experimental data, such as the friction force (F), temperature, and normal force (N)
are measured using sensors. The COF is calculated using the following equation:

F
F=— 1
COF = 5 @
where COF is the kinetic coefficient of friction, F is the nominal measured friction force during sliding,
and P is the applied load (normal force). The normal force is ensured by an upper linear drive and the

permanent pressure of the pin to the disc is ensured by the springy metal strips Figure 1b. A hardened
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ball bearing with a diameter of 6.35 mm was used as a pin and a hardened tool steel as a disc. The disc
had to be gently ground and polished up to less than Ra 0.025 um to avoid the seizure at higher speed
(Figure 2a). Generally, higher disc roughness resulted in seizure, especially at higher sliding speeds.
However even polishing the disc did not fully prevent the contact from seizure (Figure 2b) because
of the flexible mount of the pin, which started to vibrate at high turning speeds. For this reason,
the maximal rotary speed had to be set on ca. 2400 rev/min. The corresponding sliding speed was
insufficient to achieve the required values of the Hersey number. Therefore, to measure the Stribeck
curve with this regime of lubrication, a normal force cannot stay constant for all measuring steps, and
it had to be gradually reduced when the maximum permitted rotary speed was reached.

Figure 1. (a) Tribometer UMT Bruker; (b) pin-on-disc configuration with the heating module.

0.12 0.18 0.12

E . = E
E | 3 E
; |
0.00 : 0 0.00
0.00 [mm] 0.16
(a) (b)

Figure 2. (a) Polished disc—Ra 0.014 um; (b) track roughness after test—Ra 0.110 um.

Thus, the normal force was gradually decreased from 20 to 1 N. The revolution of the rotary test
module was set according to the required sliding speed and actual radius of the pin on the disc sample.
The sliding speed was changed from 5 to 4000 mm/s in 20 steps, which approximately corresponds to
2400 rpm for maximal sliding speed; see Table 2. The initialization procedure was performed for 120 s
at sliding speed 125 mm/s and 60 s at sliding speed 1500 mm/s to neglect the effect of worn surfaces on
measuring COF.

During the procedure of the measurement of one Stribeck curve, the hardened ball as a pin was
twice changed to avoid contact seizure because of the escalated pin wear at a high rotational speed.
The repeating of measurements was carried out for obtaining three Stribeck curves for one sample
because of the higher statistical significance of data. An error bar was created from these data. The new
radius, new pin, and new tested fluid were used for each repeating.
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Table 2. Conditions for Stribeck curve measurement.

Step F,(N) v(mm/s) | Step F,(N) v (mm/s)
1 20 5 11 20 2500
2 20 10 12 20 3000
3 20 25 13 20 3300
4 20 50 14 15 3300
5 20 125 15 10 3300
6 20 250 16 5 3300
7 20 500 17 2.5 3300
8 20 1000 18 2 4000
9 20 1500 19 1.6 4000
10 20 2000 20 1 4000

The measurement was carried out for temperatures of 40 and 80 °C using a temperature chamber
by Bruker. The delivered software with a tribometer cannot compile a Stribeck curve including the
sliding speed, contact pressure, and dynamic viscosity on the x-axis. This software works only with
revolutions of rotary drive, which is misleading when using a different radius of the pin. Therefore,
the new script in Matlab for data evaluation was created. The one measurement (one repeating) of the
Stribeck curve consists of 20 steps, as mentioned above when each step corresponds to one point on the
Stribeck curve. For each step, the 16 changes in sense of the rotation were set for better flooding of the
contact. Sometimes, the measured data included several types of instabilities that were solved by this
script. Viscosity is an important input for calculation of Hersey number. The suspension viscosity (MR
fluid) is dependent on the volume fraction of particles and carrier fluid viscosity. However, the amount
of particles in contact is not known because some particles are probably excluded from the contact
zone [30]. Therefore, the authors decided to use for calculation of Hersey number carrier fluid viscosity
of MRE. The script calculates a relation among relative sliding speed of surfaces in contact v, contact
pressure p,, and dynamic viscosity of carrier fluid n and draws it on the x-axis (Hersey number).
This relation is given by (2):

axis value = d

@

2.2. Testing Samples

Commercial MR fluids supplied by the LORD companyoration (MRF-122EG, MRF-132DG,
and MRF-140CG) were chosen as the MR fluid samples. The properties from LORD Technical
Datasheets are stated in Table 3.

Table 3. Properties of MR fluid samples and PAO.

Parameter MRF-122EG  MRF-132DG  MRF-140CG PAO4
Viscosity at 40 °C (Pa.s) 0.042 +0.02  0.112 £ 0.02 0.28 + 0.07 0.014
Density (g/cm?) 2.28-2.48 2.95-3.15 3.54-3.74 0.82
Solids content of weight (%) 72 80.98 85.44 0
Solids content of volume (%) 22 32 40 0

The Lord MR fluids were compared with base oil from the group of synthetic liquid hydrocarbons
(poly-alpha-olefin). The tested MR fluids differed in iron particle concentration from 22 to 40 vol. %.
The commonly accepted rheological model of MR fluid is the Bingham model:

,y =0at]t] < |TO(H)

T =10y + TO(H)sign(j/) at |t| > )TO(H) , (3)
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where 7 is shear stress, 1 is plastic viscosity, 79 is yield stress, H is magnetic flux intensity in MR
fluid, and y is shear strain rate. In the case of experiments, magnetic flux intensity is zero (H = 0 A/m).
MR fluid in the non-activated state (H = 0 A/m) exhibits yield stress in tens of Pa. However, the MR
fluid supplier usually states the Newtonian behavior of MR fluid and provides the value of viscosity at
high shear rates. The particle size and distribution were measured by a scanning electron microscope
FEG SEM ZEISS Ultra Plus and analyzed by script using tools for picture analysis in Matlab (R2018b).
The particles were spherical and the average size (diameter approximately 2.1 um) and distribution
according to Q3 were identical for all MR fluids (Figure 3).
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Figure 3. MRF-122EG (a) SEM picture of centrifuging particles; (b) histogram for 1399 detected particles.

—

3. Results and Discussion

3.1. COF Comparison of Oils and MR Fluid

Figure 4 compares the Stribeck curves of measured PAO and MRF-132DG for a temperature of
40 °C. The results in Figure 4 indicate very high repeatability of the measurement; see error bars. Only at
the boundary lubrication regime was the variance of values slightly higher. However, that can be
understandable because in this area the solid surfaces come into contact and this event has a stochastic
character. It can be seen that the boundary, mixed, elastohydrodynamic (EHD), and hydrodynamic
regimes of lubrication were measured; see Figure 4. However, the EHD regime (the area with the
lowest COF) at MR fluid came on at significantly higher COF than PAO, and then it rapidly rose.
The EHD is defined as an area where the lubrication film has the same order of magnitude as the
surface roughness. In this area, the iron particles of MR fluid probably work as a mediator at the
interaction of both solid surfaces. The rapid increase of COF at the hydrodynamic regime at MR fluids
can be explained by the presence of iron particles, which can form a higher lubricating wedge under
the pin. The non-Newtonian rheological behavior of MR fluid may also affect the rapid increase of
COF. The results indicate that the area with high relative sliding speed cannot be recommended as an
operating point for MR fluid, which is the main contrast to common oils. Generally, for common oils,
the hydrodynamic lubrication regime is desirable as an operating area. The hydrodynamic regime
is defined as a regime fully separated from contacting surfaces by lubrication film and therefore the
wear and COF are the lowest in this area. The measurements showed that the HD regime is also
recommended for MR devices, but only in the narrow band up to sliding speed corresponding to
COF of ca. 0.14. The measured value of COF in a mixed regime corresponds to the data published by
Sohn [25] (COF 0.1-0.12) which was tested in the same configuration.



