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ARTICLE INFO ABSTRACT

Keywords:

This research aimed to study the wear amount and mechanism of a hydrodynamic journal bearing lubricated

Wear with magnetorheological (MR) fluid. The effects of bearing load, hard particle content in the MR fluid, magnetic

MR lubrication
Journal bearing
Wear mechanism

field activation, and bearing sleeve material were experimentally investigated. Results revealed that the standard
bronze sleeve experienced extreme wear with MR lubrication, two orders of magnitude higher than for oil

lubrication, while the friction coefficient was almost 6 times higher, probably due to severe third-body abrasion.
The least amount of wear among all tested materials was observed with a more flexible polymer sleeve, which
showed ~3.5 times more wear than the oil-lubricated bearing and a smaller increase in friction coefficient,
around 2.6 times, as well as the formation of a possibly protective layer of crushed particles in the converging
region of the film. The results suggest that polymers, and possibly also softer materials such as rubber, are a
promising alternative for bearings lubricated with MR fluids under low-speed and high-load conditions.

1. Introduction

Magnetorheological (MR) fluids fall under the category of smart
materials. They comprise a homogeneous suspension, consisting of
dispersed magnetic medium (particles) in a non-magnetic carrier (e.g.,
water or mineral oil) and additives. What makes MR fluids unique is that
their rheological properties can be actively and rapidly changed by
activating a magnetic field (adjusting magnetic flux density). The
magnetic field causes the formation of magnetic particle chain structures
in the fluid which significantly increase its viscosity and can cause a
transition from fluid-like to solid-like properties [1,2].

Due to strong development and research efforts, MR fluids found
applications in many different mechanical devices, e.g., viscous cou-
plings and clutches [3,4], dampers [5,6], or brakes [7,8]. One me-
chanical component that can exploit the benefits of MR fluid capabilities
is the fluid-film bearing. Depending on the application, they can operate
with the principle of a hydrodynamic wedge, or with the squeeze effect
or hydrostatic effect, using common hydraulic oils as a lubricant to
separate mating surfaces. This is one of their biggest advantages, since
the fluid completely separates the sliding surfaces of the components
and friction takes place inside the lubricant instead of between the
sliding surfaces in the form of dry or mixed friction. Here it is important

to note that fluid friction is the desirable type of friction due to low losses
and lack of wear. The application of MR fluids as a lubricant in fluid-film
bearings is one of the possible solutions for smart (intelligent) bearings
[9-11]. The operating characteristics of smart bearings can be actively
controlled or adjusted depending on the forces acting on the system, or
the sliding velocity in the system. In the case of a MR bearing, changing
the lubricant viscosity during operation by activating and adjusting the
magnetic field brings a very attractive possibility to eliminate one of the
biggest limitations of hydrodynamic bearings application, namely the
very limited load-carrying capability at low-speed operation. By locally
activating a magnetic field, it is possible to increase locally the viscosity
in the lubricating film, thereby increasing the minimum film thickness.
This to ensure more favourable conditions for the safety of bearing
operation at high loads and low shaft speeds.

Experimental investigations of MR journal bearing properties for
steady-state operation have generally confirmed those findings [12,13].
However, they revealed one limitation concerning journal speed; for
high-speed values and thus for high values of MR fluid shear rates, the
MR effect is significantly reduced (due to the shear-thinning effect)
compared with the viscous effect [12,14]. In Ref. [15] the possibility of
eliminating this disadvantage by using a special MR bearing design with
a floating ring for enhanced stiffness and damping of the bearing system
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was investigated. The experimental results showed that this bearing type
remained controllable even when rotating at 1200 rpm. The MR effect
was investigated in a thrust bearing configuration in steady-state mode
to validate the theoretical model and predict the axial force as a result of
the magnetic field [16]. The application of MR fluid was also experi-
mentally investigated in the hydrostatic mode of lubrication. In
Ref. [17], using an electromagnet, the magnetic field was applied locally
at the outer edges of the hydrostatic bearing. This caused an increase in
resistance in the MR fluid flow at the fluid film outlet zone, mimicking
the behaviour of geometric textures, which resulted in a pressure profile
shape in the MR fluid film similar to the profile in a geometrically
textured hydrostatic bearing.

The authors of this paper also conducted experimental research on
journal bearings lubricated with MR fluid on two separate test stands
with differing shaft diameters (50 and 100 mm). Their results demon-
strated that MR-lubricated hydrodynamic bearings can potentially solve
problems of oil-lubricated bearings at high loads and low shaft speeds by
ensuring locally tuned MR fluid viscosity [18]. It was also shown that
applying a local magnetic field near the minimum film thickness can
reduce losses to even lower values than those of the reference
oil-lubricated bearing, while retaining a (small) increase in minimum
film thickness [19]. However, after both investigations, clear signs of
abrasive wear were noticed on the sliding surfaces of the MR-fluid
lubricated bearing components. MR fluids are made of base oil and
ferromagnetic, hard particles, which can influence bearing wear resis-
tance, especially in mixed lubrication mode. This can be a huge disad-
vantage for MR bearings operating under low speed and high load, or for
MR bearings experiencing frequent start/stop cycles. In other studies,
wear problems for other sliding pairs utilising MR fluids, e.g. for O-ring
sealings [20] have been investigated.

The effect of hard particles on lubrication performance has been
investigated in the literature, as summarised in the works of Khonsari
and Booser [21], and Nikas [22]. Their results showed that the particles
dispersed in the lubricant worsen hydrodynamic performance by
increasing friction losses, temperature, and wear on the sliding surface,
which justifies the significance of proper filtration for the operation of
lubricated surfaces [23]. The specific impact of iron particles dispersed
in the lubricant (usually mineral oil) has been investigated experimen-
tally as well [24-26]. The lubricant for such a case, in terms of the
composition, was similar to MR fluid; however, it differed significantly
in the iron particle content and size. Iron particle contamination in the
reported tests varied from a handful of particles of large size (5-30
particles with sizes up to 1.4 mm, [24]) to 40-50 pm particles with a
0.05 % concentration by weight [25,26]. In contrast, the concentration
of iron particles for MR fluid can reach 70 % by weight with an average
particle size of only a couple of microns.

The wear mechanism of MR-fluid lubricated contacts has been
studied extensively [27-33]; however, they did so only experimentally
on the sample level using different contact configurations on trib-
ometers. Their results provided many valuable findings, such as that
measured wear and coefficient of friction for MR fluid-lubricated con-
tacts were higher than for hydraulic oil [27] or that an increase in
particle content in the MR fluid increased friction losses [28]. On the
other hand, some contradictory conclusions concerning the effect of the
magnetic field activation on tribological properties of MR-fluid lubri-
cated sliding contacts were formulated in Refs. [29,30]. In Ref. [29],
using a pin-on-disc tribometer, the MR fluid under a magnetic field
shows better friction and wear properties compared to the absence of a
magnetic field, while in the results of [30], utilising a four-ball tribo-
logical tester, the opposite trend was noticed. Most likely, these differ-
ences were due to the different geometry of the tested sliding pairs.
Moreover, the effect of mating surface material [29] and material of the
particles [31] on tribological performance was also studied, as well as
comparative investigations with the tribological properties of other
smart fluids, e.g. ferrofluids [32]. Finally, different types of solid lubri-
cants added to silicone-based MR-fluid (e.g. PTFE, boron nitride, MoS;
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or graphite) were also investigated for the tribological performance
using a four-ball geometry tribometer [33]. The results show that when
MoS; was added to the MR fluid, the highest reduction in frictional force
was obtained, while the addition of PTFE resulted in the least wear of the
test samples. Several investigations also noticed that due to operation in
mixed friction under tribological tests, not only were tested samples
worn, but iron particles dispersed in MR fluid deformed and changed
their initial shapes [27-29,34]. Wear of the MR fluid can also be an
additional limitation for the long-term operation of the MR-bearing
system operating under mixed friction mode.

The literature lacks wear test investigations under MR-fluid lubri-
cation carried out on the component of interest in this paper, namely
using hydrodynamic bearings. According to the authors’ previous
experimental results, this is one of the biggest challenges limiting the
possibility of applying MR-lubricated bearings in low-speed conditions.
This paper intents to fill that knowledge gap and reports the results of
comprehensive tribological research on hydrodynamic bearings lubri-
cated with MR fluid.

2. Goal of the research

This research aims to study the wear properties (wear mechanism
and wear amount) of the components of a hydrodynamic bearing under
varied bearing loads and operated with different MR lubricants, both
with and without an activated magnetic field. Moreover, it aims to
identify bearing sleeve materials capable of reducing the wear amount
under MR lubrication to a level comparable to that of oil-lubricated
bearings. For this comprehensive research project, an experimental
study was conducted on a bearing system lubricated with standard and
customised MR fluid. The research program involved long-time start/
stop tests to assess the wear of the shafts and sleeves of the bearings. The
wear assessment was based on the sliding surface geometry measure-
ments before and after the tests. The sliding surfaces of the bearing
sleeves and shaft journals were also examined using a scanning electron
microscope (SEM) with integrated energy dispersive X-ray spectroscopy
(EDS) to investigate the wear mechanisms and to check for possible
material transfer between the two mating surfaces, and between the
mating surfaces and the particles. SEM was also used to investigate the
size and shape of the particles dispersed in the MR-fluid before and after
the wear tests.

3. Methodology
3.1. Lubricant properties

The wear tests were carried out using three different lubricants, one
mineral oil that was used as a reference, and two hydrocarbon-based MR
fluids with different particle concentrations. For the reference mea-
surements a standard maritime lubricating oil, Castrol MHP 153 (SAE
30), was used. The MR measurements were carried out with the standard
MR fluid MRHCCS4-A with 70 % particle concentration by weight [35],
as well as a variant of the same fluid with 20 % particle concentration by
weight, which was designed at request by the same manufacturer. From
now on these MR fluids will be referred to as "MR 70 %’ and "MR 20 %’
respectively.

The particle size distributions for both MR fluids were measured as
well, see section 3.4 for the methodology and section 4.6 for the results.
Do note that a different batch of smaller particles was used to create the
MR 20 % fluid, and that the manufacturer indicated qualitatively that
these particles were of a higher hardness than the particles used in the
MR 70 % fluid. Fig. 1 shows several viscosity plots for these three lu-
bricants. Fig. 1 a) shows viscosity as a function of temperature, for the
MR fluids curves both with and without a magnetic field present are
shown (Fig. 1). Furthermore, since the MR fluids are strongly shear-
thinning, Fig. 1 b) shows the viscosity of all lubricants as a function of
shear rate. Finally, Fig. 1 ¢) shows the change in viscosity when uniform
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Fig. 1. Viscosity measurements for the three lubricants used in this paper.

magnetic fields of different strengths are applied to the two MR fluids.
All viscosity measurements were performed with an Anton Paar MRC
302 rheometer with a cone on plate geometry.

3.2. Wear test setup

The custom-designed and built test rig for the wear test of the journal
bearings with a 30 mm diameter shaft is presented in Fig. 2. Two tested
journal sliding bearings and a seal rings module were installed on the
main shaft. Supporting roller element bearings guided the main shaft in
self-alignment housings. The lever system with the ratio 3:1 exerted a
radial load (3P) with the weights (P) on the bearings under test through
additional ball bearings (marked in orange). This ensured that frictional
losses in tested bearings could be measured (assuming that the small
friction in the ball bearings can be neglected). Two force sensors with

test stand bearing test

frame
(shown as

transparent) \
3 - \VA

supporting
bearings

P 2\ friction
— — force
s sensors
arms
a) 4
btest_ed Qin|  sealrings
earings |
M o shaft module

b)

Fig. 2. Tests stand applied for wear tests; a) general view showing friction
measurement and loading system, b) detailed view (cross-section).

beams connected to testing bearing heads were used to measure friction
losses under operation (see Fig. 2 a)). The measured friction forces were
losses in the tested bearing (yellow in Fig. 2 b)) and its sealing (violet
colour). Sealing losses were measured using a separate force sensor and
a cantilever beam connected to the seal module containing lip seals of
the same design as those applied to test heads. This measurement was
used as a correction to obtain friction in the tested bearings. During the
tests, bearing temperature was monitored using two 1 mm diameter K-
type thermocouples. Thermocouples were inserted into blind holes
drilled radially close to the bearing ends on its loaded side, with
measuring tips positioned 2 mm below the sliding surface (see Fig. 5 a).

A peristaltic pump with a small tank (1 L) equipped with a mixer (to
keep the lubricating MR fluid homogenous) was used to feed bearings.
The lubricant was pumped separately to both heads (see Fig. 2 b); Qi =
40 mL/min) and the seal module (to ensure similar conditions for the
sealing operation). The lubricant was supplied to the heads from one end
of the bearing. It flowed axially through the bearings, with two open
lubrication grooves (axial) located in the horizontal plane. The lubricant
was discharged on the other bearing side and collected in a tank. One
wear test consisted of 8600 cycles of start/stop tests with a data
recording frequency of 1 Hz (mean value of 1k samples per second).
Each cycle lasting 15 s contained forced start-up, steady state operation
and free run shutdown.

Since the effect of material on the MR fluid-lubricated bearing system
wear process was investigated, bearings produced from different mate-
rials were tested. Bronze (CuSn7Zn4Pb7-C) was used as a base material
in most tests. In addition, bearings made of a harder material (steel) and
softer polymer (compressive modulus of elasticity 2.2 GPa, hardness 83
shore D, melting point 260 °C) and rubber (oil and chemical resistant
rubber, hardness 70 + 3 shore) were also tested. Commercially available
bearing sleeves made of polymer and rubber were selected, which are
designated for applications that require operation under increased wear
conditions. FTIR and TG (in a nitrogen atmosphere) methods were used
to determine the composition of the soft bearing sleeves. The results of
these measurements (Fig. 3) allowed to identify that the polymer sleeve
material was a PPS-based polymer composite, and the rubber sleeve
material was a Low-cis Butadiene-based rubber composite. Due to
simplicity, they will be referred to further in the paper as polymer and
rubber bearing sleeves.

In the case of polymer bearing, intermediate sleeves were used to
assemble polymer inserts for tests. The tested rubber bearing had a
different design (typical for water-lubricated bearings), with 8 axial
grooves evenly distributed on the bearing perimeter. For shaft material,
carbon steel (typical for ship shafts) was assumed to be used for all tests.
Dimensions of tested bearings, materials and operation conditions were
collected in Table 1.

One series of tests focused on the effect of a magnetic field on the
wear process. Therefore, 4 mm diameter x 1 mm thick magnets (magnet
flux density = 1.03 T) were installed in the tested sleeve 2 mm below the
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Fig. 3. FTIR (a) and TG and DTG (b) curves of tested bearing material samples.

Table 1
Data on the bearings, materials and operational conditions.

Diameter of the shaft/length of the
bearing

30 mm/30 mm

Shaft material/surface roughness
Bearing sleeve material/surface

AISI 1045 - Carbon steel/Ra = 0.32 pm
Bronze CuSn7Zn4Pb7-C/Ra = 0.32 pm

roughness Polymer inserts/Ra = 1.25 pm
Rubber (8 axial grooves evenly
distributed)
Bearing clearance (@ 20 °C) 0.15 mm

Single-cycle shaft speed Cycle time 15 s

2 s of start-up (0 / 1000 rpm),

10 s of steady-state operation (at 1000

rpm)

3 s of free shut down (1000 rpm \ 0)

1 s of time interval between cycles

Radial load (3P) [N]/specific pressure 1800 N/2 MPa or 900 N/1 MPa
[MPa]

Friction torque - strain gauge sensor with amplifier, range 0-222 N, nonlinearity
+0.05 % R.O.

Bearing temperature - K-type thermocouples, accuracy 1.5 K

sliding surface. They were arranged in two circumferential rows (each
composed of 20 magnets) placed close to bearing ends (Fig. 5 a)), and
one axial row (composed of 3 magnets) shifted 36 deg from the vertical
direction in the vicinity of the expected minimum film thickness zone.

The axial row is meant to effectively increases film pressure near the
minimum film zone, while the circumferential rows should decrease
MR-fluid leakages from the film at the bearing ends, thereby also
increasing film pressure. Adjacent magnets were arranged in an alter-
nating order (N - S - N - S —etc.), which, according to numerical analysis
[19], results in a magnetic field that is smaller far away from the mag-
nets (relative to the field close to the magnets) compared to a uniform
orientation (e.g. N — N — N — N — etc.). This should focus the viscosity
increase on the areas of the film directly below the magnets, while
limiting the viscosity increase far away from the magnets and thereby
reducing the friction losses.

The magnetic field resulting from this arrangement of magnets has
been calculated numerically, and is shown in Fig. 4. This calculation was
performed using a commercial software package for numerical simula-
tion [36], and other than the bearing geometry (see Table 1) the details
of the implementation of the numerical model have been described in
detail in a previous paper by the same authors [19].

3.3. Wear amount assessment methodology

The wear assessment of the tested components utilised a comparison
of the surface geometry measurements before and after the tests. Mea-
surements were conducted using a contact profilometer (Jenoptik
Hommel Etamic T8000, measuring vertical range 400 pm). To compare
the profiles before and after tests, both shafts and bearings were

Magnetic field in the fluid film

30
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Fig. 4. Tests stand applied for wear tests; a) general view showing friction measurement and loading system, b) detailed view (cross-section).
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manufactured with special reference surfaces in the shape of grooves,
with the bottom surface below the sliding surface, to avoid their wear
during operation (Fig. 5).

The axial profiles of the mating surfaces started and finished each
time at reference grooves. For each sleeve, several axial profiles were
measured on the loaded bearing half (evenly distributed to the direction
of the load, initially 5 paths in a range + 30 deg, later 9 paths in a range
=+ 65 deg, Fig. 5 a). Positioning holes made at the outer surface of the
bearing, together with a pin mounted in the v-block groove, provided
accurate (and repeatable) angular positions of the bearing for mea-
surements. One axial profile was collected for each shaft journal in
marked angular position since differences in measured geometries for
other circumferential positions were negligible.

Fig. 5 c¢) shows an example of a measured sliding surface profile
comparison. Since the geometry of the reference surfaces did not change
during the wear test, it was possible to compare profiles. The difference
in the average level of the sliding surface before and after the wear test
was a measure of the linear wear. The same comparison was carried out
for each angular position of the sleeve. As a result, a circumferential
distribution of wear for the loaded half of the bearing was obtained. This
distribution was also used to calculate the volumetric wear of the
sleeves, assuming that the sliding surface was unfolded and changes in
the wear between measurement points (namely path positions) were
linear. In the case of shaft journals, volumetric wear was calculated as a
difference in volume between a journal with nominal size (before the
test) and one with a radius reduced by linear wear (after the test).

3.4. SEM analysis

A JEOL 6010LA scanning electron microscope (SEM) with integrated
energy dispersive X-ray spectroscopy (EDS) functionality was used for
two different investigations after the wear tests had been performed.
First of all, micrographs of the shaft and bearing surfaces were created to
investigate the wear mechanisms, and elemental analysis of the surfaces
was performed using EDS to check for possible material transfer between
the shafts, bearings, and particles. For this purpose, the shafts and
bearings were cleaned by hand with isopropyl alcohol and were cut into

smaller pieces, and before being placed in the SEM the non-conductive
rubber and polymer bearing surfaces were coated with a thin layer of
gold to improve the imaging results.

Secondly, the SEM was used to perform an analysis of the particle
sizes before and after the wear tests. In order to extract the particles from
the MR fluid, the fluid had to be destabilized using acetone. This was
done by adding MR fluid and acetone in a 1:1 ratio to a container, which
was placed in a shaker for 1 min. After this minute, the container with
the mixture was placed on a large NdFeB magnet, rapidly causing the
particles to be pulled towards the magnet and leaving a mixture of
acetone, oil, and additives floating on top. With the container still on the
magnet the supernatant liquid was decanted, and this process was
repeated until the decanted liquid started running clear. After drying,
the particles were sprinkled on carbon tape to enable imaging with the
SEM, resulting in micrographs containing thousands of particles. Image
analysis software with particle analysis functionality [37] was used to
find the particle size distribution based on these micrographs. This was
done by first applying a median blur filter (blur radius 0.25 pm) to
denoise the micrograph, followed by an application of the Li threshold
algorithm [38] to separate the particles from the background. Finally,
the watershed algorithm was used to separate partially overlapping
particles. This sequence of operations was qualitatively found to result
in reasonable recognition of the particles by the particle analysis
function.

4. Wear test results

During each wear test, two bearing sleeves and one shaft with two
bearing journals were tested simultaneously. This allowed us to assess
the repeatability of the process by comparing the wear results for
components tested separately under the same operating conditions. The
results showed that linear wear did not differ significantly between
sleeves and journal shafts from one test. Consequently, the linear wear
results presented in this section are averaged values obtained for the
same component type (sleeve and shaft) in one test.

Wear tests were started for a system with bronze bearings under 2
MPa of specific pressure loading and lubricated with the mineral oil



M. Wodtke et al.

Castrol MHP 153 (SAE 30) using the same methodology as planned for
MR-lubricated bearings. The results obtained from this test were used as
reference values to assess the wear resistance of tested components with
MR-fluid lubrication. The tests were planned and carried out so that it
was possible to analyse the impact of a single parameter of the system on
the process of component wear. The research plan covered the test
focused on effects of bearing load, MR-fluid type, presence of magnetic
field, and bearing material. Obtained results were shown and described
in the following parts of this section (4.1-4.4).

4.1. Effect of the load

In the first series of experiments, bronze bearings lubricated with MR
70 % were tested under the same conditions as in the reference case
(under load of 2 MPa). At this stage, magnets were not installed in the
bearings, so no magnetic field acted on the fluid. The results showed a
huge wear of components. Consequently, the next test was planned and
carried out with the reduced bearing load (to 1 MPa) to investigate the
impact of this parameter on wear under MR-fluid lubrication.

In Fig. 6, a summary of the wear results for load effect under MR-
fluid lubrication was presented and compared to results obtained for
the reference case (oil-lubricated bearing). Fig. 6 a) presents measured
circumferential distribution of linear wear for sleeves (note that results
for MR 70 % and 2 MPa load were scaled — reduced by factor 10 - to fit
them in the plot). In Fig. 6 b) measured wear for shaft journals and
sleeves were compared. The circumferential distribution of the bearing
sleeve wear was not symmetrical to the load direction (angular position
of 0° in Fig. 6 a)). This shape is typical (visible in all further results), as
higher linear wear occurs near the minimum lubricant film thickness
zone. Under the load of 2 MPa, the volumetric wear of the bearing and
journals lubricated with MR 70 % was two orders of magnitude (!)
higher than that of the reference case (Fig. 6 b)). After reducing the load
to 1 MPa, the wear of the components lubricated with MR 70 % was also
reduced; however, it was higher from 5 (for sleeves) to 7 times (for
journals) than in the reference case.

4.2. Effect of the MR lubricant

The measured level of component wear lubricated with MR 70 %
fluid was unacceptable in the case of real bearing system operation. One
reason for this can be the relatively high concentration of particles in the
MR fluid that was applied as a lubricant in previous tests. To investigate
the effect of MR lubricant with lower particle content on system wear, a
new fluid, MR 20 %, was developed and provided for testing. Wear tests,
as previously, were carried out for bronze bearings under the load of 1
MPa.

Fig. 7 shows the measured wear distribution for sleeves (a) and
journals (b) lubricated with MR 70 % and MR 20 % fluids compared to
the reference case. Surprisingly, the volumetric wear of the sleeves
lubricated with the MR 20 % fluid with a lower concentration of the
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particles was significantly higher (about 60 %) than for MR 70 %
lubrication. It was much worse in the case of journals since their wear
was an order of magnitude higher than the wear of parts operated with
MR fluid with a higher concentration of particles. In addition, it was
even slightly higher than shaft journal wear, measured for MR at 70 %
under 2 MPa load (see Fig. 6 b)).

4.3. Effect of the magnetic field

Activating the magnetic field (MF) is required to gain the unique
benefits of MR lubrication (change of the lubricant viscosity and thus
adjustment of bearing properties—active bearing principle). One of the
tests evaluated the effect of MF presence on the bearing system com-
ponents’ wear. The test was carried out using bronze bearings with
magnets assembled in the bearing body (as described in paragraph 3.2)
and for a load of 1 MPa.

Fig. 8 shows the measured wear results for the bearing system
components lubricated with MR 70 % fluid with activated MF compared
to the case without activated MF. The volumetric wear of the shaft
journals was found to be higher while the MF was activated (less than 2
times higher). Simultaneously, the level of volumetric wear for the
bearing sleeves operated with and without the magnetic field was the
same. However, the angular wear range was slightly narrower (shorter)
when the system was tested without an activated magnetic field.

4.4. Effect of the material

Parameter changes studied and described in previous parts of this
chapter did not cause a reduction of the system component’s wear
lubricated with MR-fluid to a level similar to that observed for the
reference case. The last of the studied parameters was the material of the
bearing. Different types of materials were tried, with varied properties.
One of them was steel, whose hardness is much higher than bronze,
which was expected to be beneficial for wear reduction. However, tests
with steel bearings lubricated with MR 70 % fluid under the load of 1
MPa failed catastrophically after several start/stop cycles, probably due
to scuffing and the effect of having the same material for both mating
surfaces. Thus, no results were available for this test.

In further tests, softer materials, such as polymer and rubber, were
used. Polymer bearings tested were cylindrical plain bearings of the
same design as tested bronze bearings. In the case of rubber bearings,
due to the lack of availability of a design and size similar to the tested
one, a typical design for water lubrication with 8 axial grooves distrib-
uted evenly around the bearing perimeter was tested. Tests were carried
out under the load of 2 MPa and with MR 70 % as lubricant.

Fig. 9 shows the wear results for different tested materials of the
bearing sleeve. Since a reference surface could not be manufactured on
the rubber bearings (the rubber was too soft, later on this also prevented
accurate profile measurements with the profilometer), the proposed
wear measurement method could not be used. Other wear assessment
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Fig. 6. Effect of the load on the wear of bearing components lubricated with MR fluid: a) distribution of the linear wear at the circumference of the sleeves, b) linear

wear of the shaft journals and volumetric wear of the sleeves and shafts.
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methods were considered for rubber bearings, such as the weight
method or employing a Coordinate Measuring Machine (CMM); how-
ever, their accuracy was not satisfactory considering the level of wear on
the components. Thus, the wear amount of the rubber bearings could not
be determined.

The polymer volumetric wear was higher than the reference value for
oil-lubricated bearings. However, the wear on polymer bearings was the
smallest among all wear tests with MR fluid lubrication. In the case of
the shaft, the wear of the journals operated against the polymer was
higher than the reference (around seven times). Simultaneously, the
volumetric wear of the journals after tests with rubber bearings was
hardly measurable and even smaller than for oil-lubricated bearings.

4.5. Coefficient of friction (COF) and temperature

In Fig. 10, the measured coefficient of friction (COF) obtained during
all wear tests reported in this paper is compared (for both bearing
sleeves tested simultaneously during a given test). The values shown in

the figure are the average values of the bearing friction coefficient
(considering the seal friction correction) for all start/stop cycles at the
end of steady-state operation of the bearing with a speed of 1000 rpm
(fluid friction mode, approximately 12 s for each cycle assuming that
typical cycle consists of 2 s acceleration from standstill to the nominal
steady state velocity that is maintained for 10 s, followed by a deceler-
ation again to zero velocity in 3 s, Table 1). This choice was motivated by
the relatively low frequency of the signal recording applied in this
research, which did not allow for monitoring the evolution of the COF
during transient states of bearing operation (start-up and shut-down). In
addition, while both bearings operated with the same shaft, they had
some impact on each other during the start and stop of the bearing
system which was not the case during steady-state operation. In addi-
tion, Fig. 10 shows the standard deviation of the COF (as error bars
calculated using all 8600 data points), which enables the assessment of
friction variability in the bearing during tests.

The results in Fig. 10 show that the smallest values of COF and their
standard deviations were measured during the test with the oil as a
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lubricant at the load of 2 MPa (reference case), while the highest friction
was noticed for MR 70 % and 2 MPa. This last case also showed the
largest difference in the average friction coefficients between the two
tested bearings, as well as the largest standard deviations, meaning
significant variability of the COF during tests. A much lower COF was
measured under MR 70 % lubrication when the load was reduced from 2
to 1 MPa. However, it was still higher than for the reference case (over 2
times). It can be noticed that the COF measured for MR 70 % was lower
than for MR 20 % (at the load of 1 MPa) and that the activated magnetic
field also increased the measured COF compared to the case without MF
(for MR 70 % and 1 MPa). When compliant and soft materials (rubber
and polymer) were applied for bearing sleeves, the measured friction
coefficient was similar and equal to ~0.025. It was, however, still higher
than in the reference case (around 2.6 times).

Results of the bearing temperature during tests showed no significant
changes for most of the cases. The measured temperature varied only
slightly during the entire test, keeping a constant level around 35-45 °C.
The lowest temperature was measured in the polymer bearing; however,
due to the low thermal conductivity of this material, it cannot be
compared directly to the measurements for metallic bearings (bronze).
On the other hand, high temperature variations were noticed for MR 70
% bronze bearing tested under the load of 2 MPa. In this case, the

e) MR 70, polymer, 2MPa

Fig. 11. SEM micrographs of particles taken from several MR fluid samples. In subfigure b) several larger chunks of iron are encircled, and in subfigure c) the same is
done for several particle agglomerates. Note that the micrographs in subfigures c), d), and e) were taken with an SEM magnification of 900x as indicated in the
figures, but that these were zoomed in digitally to 1000x to match subfigures a) and b).
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measured temperature course was "chaotic". It showed variations in a
relatively large range (45-95 °C), which was caused by periodic bearing
operation with high friction (periods with the higher friction torque in
the bearing correspond to higher bearing temperature).

4.6. Particle size analysis before and after start/stop tests

A particle size analysis was performed for samples of the MR fluids
collected after the wear tests described in sections 4.1-4.4 and for
samples of the unused MR 20 % and MR 70 % fluids. Micrographs of the
particles from these samples were analysed with image processing
software to determine the particle size distributions, but before these
distributions are discussed, a qualitative comparison of the particle
shapes and sizes will be made using several representative micrographs.
The effectiveness of the image analysis procedure for each of these mi-
crographs will also be discussed.

4.6.1. Qualitative analysis

Fig. 11 shows five of these micrographs, representing groups of
particle samples with distinct properties.

The first group contains the MR 20 % samples, both before and after
the wear test, and is represented by Fig. 11 a) and b). As can be seen in
the figures, the particles in this group are round and there are hardly any
particle agglomerates. The image analysis procedure described in sec-
tion 3.4 was found to work very well for this group.

The second group consists only of the samples collected after the
wear tests with a bronze bearing loaded to 2 MPa and lubricated with
MR 70 %, and is represented by Fig. 11 d). As can be seen in Fig. 6, the
wear of both the shaft and the bearing was very high during this wear
test, and it is clear that the particles were also damaged. Compared to
the first group, and to the particles from the unused MR 70 % fluid
shown in Fig. 11 c), the particles from this group are generally less round
and their surfaces are less smooth. Furthermore, several large non-round
chunks of iron can be found between the particles (some have been
encircled in Fig. 11 d), these were probably created when individual
particles were flattened or crushed together in the contact zone of the
bearing. For this group the image analysis procedure works well too.

The final group includes all remaining MR 70 % samples, and is
represented by Fig. 11 e), where the particles collected after one of the
polymer bearing tests are shown. The micrograph shows that the indi-
vidual particles are still mostly round, but that there are also quite a few
agglomerates consisting of multiple particles sticking together which
were not present in the unused fluid from Fig. 11 c) (some of these have
been encircled in the figure). In contrast to the heavily worn particles
from Fig. 11 d), these agglomerates still recognisably consist of indi-
vidual particles.

As a result, the particle analysis procedure was observed to
frequently find the individual particles making up these agglomerates,
instead of considering an agglomerate itself as one single particle.
Whether or not the image analysis was successful seemed to depend on
the brightness and contrast of the agglomerate surface on the micro-
graphs, specifically in those regions where the individual particles
making up the agglomerates touch. It is therefore expected that the
particle size distributions created for the fluid samples containing these
types of agglomerates will underestimate the amount of relatively large
particles, and will overestimate the number of small to medium
particles.

4.6.2. Particle size distributions

Fig. 12 contains the particle size distributions for all MR fluid sam-
ples. As was mentioned in section 3.1, a different batch of (smaller)
particles was used for the MR 20 % fluid, explaining the stark difference
in the distributions of the MR 20 % and MR 70 % fluids. There is also
very little difference between the distributions before and after the MR
20 % wear tests, which matches the qualitative analysis. Continuing to
the MR 70 % tests, it can be seen that the difference in the distributions
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Fig. 12. A violin plot of the particle size distributions both before and after the
various wear tests. All violins have been calculated by combining the particle
size data obtained from three different micrographs, all containing at least 1000
particles from the same MR fluid sample. The left (greyscale) side of every
violin represents the unused MR fluid, the right (colored) side represents the
MR fluid after the wear tests. The box plots inside the violins show the first and
third quartiles, as well as the medians.

before and after the wear tests is small for most of these samples as well.
The largest difference can be observed for the bronze bearing lubricated
with MR 70 % and loaded to 2 MPa, where the first quartile and median
have both decreased by about 0.26 pm after the wear test, and the third
quartile has decreased by about 0.11 pm. This corresponds with the
qualitative analysis, where it was observed that this was the only wear
test where the particles themselves seemed to have been damaged (see
Fig. 11 b)).

Lowering the load to 1 MPa prevents the particles from being worn
down as much, with the first quartile and median changing no more than
0.1 pm. The third quartile does increase by about 0.26 pm, which could
indicate an increase in the number of particle agglomerates that have
been formed. Interestingly, this increase is not visible when the mag-
netic field is activated during the wear test. Finally, for the rubber
bearing there is little difference in the size distributions before and after,
with only a small decrease of all quartiles by less than 0.1 pm after the
test. In contrast, the polymer bearing shows a similar increase of the
third quartile as was observed with the bronze bearing loaded to 1 MPa
(though the polymer bearing was loaded to 2 MPa).

4.7. Surface analysis

SEM micrographs were made of the surfaces of the bearings and
shafts used during the wear tests, to help explain the wear mechanisms
occurring with MR lubrication. Fig. 13 shows these micrographs for all
bronze bearings, the micrographs of the corresponding shafts are only
shown for the reference case (oil lubrication) and for the MR-lubricated
cases with high shaft wear (MR 70 % with 2 MPa and MR 20 % with 1
MPa). All other shaft micrographs were qualitatively found to be
indistinguishable from the reference case. Fig. 14 shows micrographs of
the surfaces of the softer rubber and polymer bearings that were tested.
Of the shafts, only the micrograph of the shaft used with the rubber
bearing is shown, the shaft used with the polymer bearing was lost in
transit between two labs. Finally, the sliding direction was upwards in
all micrographs, and the micrographs of the bearing surfaces were taken
at the bottom of the bearing, in the contact zone, unless mentioned
otherwise.

4.7.1. Bronze bearings
The unused and used bearing surfaces of the bronze bearing
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Fig. 13. SEM micrographs and EDS maps of several bronze bearing surfaces for various operating conditions, as well as some representative steel shaft surfaces. The

sliding direction was upwards in all cases.

lubricated with oil are shown in Fig. 13 a) and 13 b) respectively. The
unused surface contains many ridges in the vertical direction left by the
original machining process, and while several ridges have worn down
after the wear test, some of these marks are still visible on the right side
of the micrograph of the worn surface. The condition of the worn shaft
surface looks similar to that of the bearing surface, though some plastic
deformation of the ridges can also be seen (Fig. 13 c)).

With MR lubrication, the appearance of the surfaces changed
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dramatically after the wear tests. Fig. 13 h) and 13 d) show the bearing
micrographs for loads of 1 and 2 MPa respectively, and at first glance
their overall appearance is similar. For both loads the original
machining marks have disappeared completely, almost certainly due to
large amounts of third body abrasive wear caused by the particles.
Furthermore, several features are visible that indicate that some adhe-
sive wear may have occurred. Next to that, Fig. 13e) and 13 f), which
represent EDS maps of the iron and copper content, show large patches
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Fig. 13. (continued).

of (pure) iron on the surface of the bearing loaded to 2 MPa, while no
iron could be found on the surface of the bearing loaded to 1 MPa.
Finally, the shaft used with the bearing loaded to 2 MPa is shown in
Fig. 13 g). Its surface looks very similar to that of the oil-lubricated shaft
(Fig. 13 ¢)), but there seems to be some cracks running in the sliding
direction.

In the next wear test, magnets were added to the MR lubricated
system loaded to 1 MPa, resulting in the micrograph in Fig. 13 i) which
was taken at a location on the surface directly above one of the magnets.
The overall appearance of the surface is the same as it was without the
magnets present, apart from a large number of small scratches.

Finally, Fig. 13 j) and 13 1) show the effect of a reduced particle
concentration (20 % by volume) on the surfaces of the bearing and shaft
respectively. The contrast with the other micrographs for the bearings
lubricated with MR 70 % is large, with both the bearing and shaft sur-
faces containing some cracks, and the shaft surface showing many ridges
in the sliding direction. When zooming in on the bearing surface (Fig. 13
k)) it can be seen that this surface is heavily scratched and contains
many embedded particles. Furthermore, many pits can be found in the
surface, some of which are almost perfectly round, indicating that a
number of embedded particles may have been dislodged during the wear
test. Similar to the MR 70 % test with a load of 1 MPa, no iron could be
found in the bearing surface itself (apart from the embedded particles).

4.7.2. Rubber and polymer bearings

Starting with the rubber bearing, Fig. 14 a) and 14 b) show the
surface before and after the wear test respectively. While it was not
possible to determine the volumetric wear of the rubber bearing, the
micrographs do indicate that the appearance of the surface has at least
changed drastically. The original machining marks (horizontal ridges
that were left by the molds) have worn away completely, and the surface
instead contains vertical grooves, as well as some pits. Particles are
visible in some of these pits, and individual particles have been
embedded in the rubber as well in some other locations.

In contrast, the surface of the corresponding shaft shown in Fig. 14 c)
does not show major signs of wear, and looks similar to the lightly worn
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shaft used in the oil-lubricated bronze bearing (see Fig. 13 c)). Only
some fine scratches are visible, which are probably caused by particles
embedded in the rubber. These results agree with the linear wear tests,
which showed minimal wear of the shaft (see Fig. 9). The remaining
figures all show micrographs and EDS maps for the polymer bearing
surface (unfortunately the shaft used for the polymer bearing test was
lost during shipping between the participating research groups). This
was the only bearing where a clear difference could be observed in the
appearance of the surface in the converging region of the film, compared
to the surface close to minimum film, which is why micrographs were
made of both regions of the bearing.

Starting with Fig. 14 d), the unused polymer surface shows very
obvious machining marks, with clear vertical ridges about 100 pm apart,
and smaller, regularly spaced horizontal grooves in between. This
texture is still visible on some parts of the worn surface in the converging
region of the film, as can be seen in Fig. 14 e), but large clumps of iron
have also been smeared onto the surface, forming an almost continuous
layer of iron on top of the polymer. This becomes even more obvious
when zooming in (see Fig. 14 g)) and comparing the micrograph with
the EDS maps for iron and carbon (Fig. 14 i) and 14 j) respectively, with
carbon being the main element of the polymer). The diverging half of the
bearing has a very different surface, as can be seen in Fig. 14 f). The
mostly continuous layer of iron from the converging region tapers off
into smaller branches in this region. Furthermore, the original
machining marks have been worn away completely and there are
obvious grooves and ridges in the sliding direction. When zooming in on
one of the areas without a layer of iron (see Fig. 14 h)) and comparing
the micrograph with the EDS maps for iron and carbon (Fig. 14 k) and 14
1), respectively), it becomes clear that there is still a large amount of iron
on the polymer bearing surface, mostly in the form of smaller clumps
and individual particles embedded in the surface.

5. Discussion

The comprehensive research program allowed us to investigate
different aspects of the tribological properties of the system lubricated
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Fig. 14. SEM micrographs and EDS maps of the rubber bearing surfaces (subfigures a) through c)) and polymer bearing surfaces (subfigures d) through 1)). The
sliding direction was upwards in all cases. Note that the micrograph in subfigure a) was taken with an SEM magnification of 1100x as indicated in the subfigure, this

micrograph was zoomed out digitally to 1000x to match the other subfigures.

with the MR fluid and compare the obtained results to those of an oil-
lubricated bearing tested under the same conditions. This section dis-
cusses the results presented in the previous sections of the paper.

The oil-lubricated bearing sleeves and shaft journals (reference case)
showed low friction coefficients and relatively small amounts of wear
under the load of 2 MPa (Fig. 6), which agrees with the very minor
differences in the surface micrographs before and after the wear tests
(Fig. 13 a) through c)). In contrast, the wear of the mating components
was found to be higher (sometimes much higher) in most of the tested
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bearing configurations lubricated with MR fluid. The bronze bearing
lubricated with MR 70 % under a load of 2 MPa showed the highest
wear, which was found to be two orders of magnitude higher (!) than in
the reference case. The friction coefficient was also found to be 5.5 to 6
times larger for steady-state operation (Fig. 10), which could indicate
permanent mixed or boundary lubrication, especially since the standard
deviation on the friction measurements was high as well for these tests.
As was to be expected, these extreme levels of wear and friction could be
reduced by lowering the load to 1 MPa, but even then, they were still
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several times higher than for oil-lubricated bearings. For both loads the
large amounts of wear are probably the result of third body abrasion,
however, looking at the micrographs of the mating surfaces (Fig. 13 d)
through h)) also reveals some differences in the wear mechanisms for
these two load cases. As was observed in the results section, the bronze
sleeve surface of the bearing loaded to 2 MPa contained patches of pure
iron, while this was not the case for the lower load. The only two
components in the bearing system containing any iron were the particles
(pure iron) and the shaft journal (AISI 1045 carbon steel). Since the EDS
did not detect any elements in these patches other than iron (such as
manganese, which appears in AISI 1045), these patches can only consist
of (the remains of) particles. It seems likely that with the higher load of
2 MPa, particles were flattened or crushed into the bearing surface and
were then worn down together with the bronze, since the areas on the
EDS map that contain iron do not match up with the ridges visible on the
micrograph (Fig. 13 e) and d) respectively). Since no patches of iron
were found with a load of 1 MPa, it seems likely that this load was too
low to cause such a deformation of the particles. This difference was also
revealed by the particle size analysis in section 4.6, where it was found
that only the particles from the bearing loaded to 2 MPa were visibly
worn (Fig. 11 d)) and had decreased in size after the wear test, while the
particles from the bearing loaded to 1 MPa had roughly the same size
before and after (Fig. 12).

The effect of the magnetic field was much smaller than that of
bearing load. The friction increase compared to the reference went up
from 2.3 times without magnetic field to 3.2 times with magnetic field
(Fig. 10), which was caused by the magnetically induced viscosity in-
crease. With the activation of the magnetic field the wear of the shaft
journals was also slightly higher than without a magnetic field, but the
wear of the bearing sleeves did not change (Fig. 8). This could be caused
by the formation of particles chains at the locations of the magnets that
are embedded below the stationary bearing sleeve surface. These chains
will mostly stay in position over the magnets [39], likely causing their
ends to be dragged along the surface of the rotating shaft journal. The
existence of such a wear mechanism is supported by the fact that only
the shaft wear changed with the activation of the magnetic field, the

13

level of wear of the bearing sleeves remained the same. The sleeve
surface micrographs did show a large number of scratches though
(Fig. 13 1)), these may have appeared during the transitions to boundary
lubrication, with the magnetic field pinning the particles near the
magnets in the contact zone in place, preventing them from moving
along with the rotating shaft. Such an effect could also be the cause of
the reduction of the number of agglomerates consisting of multiple
particles compared to the unactivated bearing (Fig. 12).

In contrast to initial expectations based on literature about lubrica-
tion experiments with contaminated water [40,41], a reduction in the
particle concentration from 70 % to 20 % did not lead to lower wear, but
actually increased wear. The amount of wear noticed for the bearing
sleeves was only slightly higher (around 60 %, see Fig. 7), but the shaft
journal wear increased by a significant amount (an order of magnitude)
with MR 20 % lubrication compared to wear results for the standard MR
fluid (MR 70 %, 1 MPa). Compared to that bearing the friction coeffi-
cient also increased slightly. An explanation for these wear results might
be found by examining the surface micrographs (Fig. 13 j) and 13 1)). As
was mentioned in the results section, the shaft journal surface was
heavily grooved in the sliding direction, while the bearing sleeve surface
contained many embedded particles. However, unlike the 2 MPa MR 70
% test there were no patches of iron in the sleeve surface meaning that
the particles were not crushed or flattened into the surface like they were
at that higher load. Similarly, the particle size analysis indicated barely
any change in both the size and shape of the particles in the MR 20 %
fluid before and after the wear tests (Fig. 12). Taken all together, it
seems likely that the qualitative information from the manufacturer
(section 3.1) was correct, and the hardness of the particles in the MR 20
% fluid was indeed higher than of those in the MR 70 % fluid. The exact
difference in hardness between the MR 20 % and MR 70 % particles is
not known, and it was found to be difficult to measure the hardness due
to the extremely small size of the particles.

Do note that there could also be an alternative explanation for the
difference in particle hardness between the two MR fluids. Work hard-
ening of particles has been observed in literature [27,28], and it is
possible that the lower concentration of 20 % led to higher stresses on
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the individual particles. However, since the deformation of the particles
seems to have been minimal, it is deemed more likely that the particles
in MR 20 % did indeed have a higher hardness to begin with, but this
could be investigated further.

The results for the tests with the bearings made of compliant mate-
rials show very different results compared to the bronze bearing. Both
polymer and rubber bearings show a comparatively modest increase in
friction coefficient by about 2.6 times (Fig. 10). At the same time, the
polymer bearing has the lowest bearing sleeve wear level out of all
bearings lubricated with MR fluid, and was relatively close to the
reference case for both bearing and journal wear (Fig. 9). The wear level
on the shaft journal used with the rubber bearing was the lowest of all
bearings that were tested, lower even than in the reference case. How-
ever, since the sleeve wear could not be measured for the rubber
bearing, it is difficult to say anything about its overall wear perfor-
mance. Looking at the rubber surface micrographs also shows large
changes in the surface geometry before and after the wear tests (Fig. 14
a) and b) respectively). The wear to the rubber sleeve surface was at least
large enough to completely remove the original machining marks, and
to create several grooves and pits that contain particles. These findings
match with literature for rubber bearings lubricated with oil or water
containing hard particles [40,42,43]. It has been stated that once the oil
film becomes thin enough (due to lowered speed or increased load),
individual particles with diameters larger than the film thickness will
bridge the gap between the mating surfaces. Due to the elasticity of the
rubber, the particles will locally deform this surface and will start to roll
on the harder shaft surface, minimizing the wear to both components.
However, once the system reaches boundary lubrication, the particles
will be pressed almost fully into the rubber, which can lead to ploughing
of the rubber surface and the formation of furrows or grooves in the
sliding direction, similar to those observed in the micrograph. At the
same time, local stress concentrations due to the particles deforming the
rubber can cause the stress to exceed the strength limit, causing particles
to be embedded in the rubber, and leading to the formation of pits [43].
These pits can be identified by the particles that have been collected in
them and can be found on the micrographs of the rubber bearing sleeve.

The micrographs for the polymer bearing show that the wear
mechanisms for that system differed significantly from those with the
rubber bearing (Fig. 14 d) through f)). The polymer bearing sleeve was
the only sleeve with a difference in the appearance of the converging
and diverging areas of the bearing, with the converging area showing a
layer of iron clumps on top of the polymer surface, while the diverging
area showed more wear and showed embedded individual particles and
smaller clumps. During operation of the bearing, the particles were
probably crushed in the converging region of the film, leading to iron
clumps that are tens of micrometers wide, much larger than the particles
from the fluid which had a median size of 1.9 pm after the wear test (see
Fig. 12). Similar to the bronze bearing tested at 2 MPa with MR 70 %, the
iron on the bearing surface has been worn during the test, as evidenced
by the clear ploughing marks in the sliding direction that are visible on
most of the clumps in Fig. 14 g). An obvious difference with the bronze
bearing sleeve is that the iron on the polymer surface has formed clearly
distinguishable clumps lying on top of the polymer, and has not been
smeared out over the sleeve surface (Fig. 13 d)). This may be the result of
the lower stiffness and hardness of the polymer bearing, which can
deform elastically under load, possibly preventing the particles from
being flattened entirely. It could also explain why the average size of the
particles in the fluid increased slightly, instead of decreasing like with
the bronze bearing sleeve. Furthermore, the resulting layer of iron seems
to have partially protected the underlying polymer surface, since the
machining marks are still visible through gaps in the iron layer while
they have been worn away in the areas without any iron clumps at all.
This seems to be a similar effect to what was observed by Leung et al.
[28], who found a protective layer of flattened particles on the block of a
block-on-ring tribotester lubricated with an MR fluid. They also found
that the protective layer did not extend into the diverging region, which
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is the case for the bearing in this paper as well and would explain the
larger degree of visible wear in the micrographs of that region. The in-
dividual clumps or iron found in the diverging region are likely wear
debris from the iron layer in the converging region.

6. Conclusion

In this research, the wear properties of an MR-lubricated hydrody-
namic journal bearing system have been investigated experimentally
with start/stop wear tests under varying operating conditions. These
results have been compared with a reference, an oil-lubricated bearing
with a bronze sleeve, with the aim of finding a bearing sleeve material
with a similar level of wear for MR lubrication as that of the reference for
oil lubrication. The key conclusions of this investigation are:

1. The wear performance of a standard combination of a bronze bearing
sleeve and steel shaft journal is extremely poor for all operating
conditions, with an increase in wear of two orders of magnitude
compared to the reference, as well as 5 to 6 times increase in friction.
The wear increase is likely the result of third body abrasion due to
the presence of iron microparticles in the MR fluid (which were also
damaged), and could only be reduced by lowering the load applied to
the system.

2. Lowering the particle concentration of the MR fluid from 70 % to 20
% did not yield the expected wear reduction but actually increased
the wear. The exact reason for this is not known but may be related to
an unintended difference in particle size and hardness between the
particles in the two MR fluids.

3. Using a rubber bearing sleeve resulted in minimal wear to the shaft
journal, reducing it below even the level of wear of the reference, as
well as a doubling of the friction coefficient. However, due to the
softness of the rubber compound it was not possible to measure the
sleeve wear with the profilometer, and the SEM micrographs did
reveal some visible damage to the rubber surface. Due to the low
level of shaft journal wear it is recommended to further investigate
the wear performance of rubber bearing sleeves for MR lubrication.

4. The lowest level of bearing sleeve wear for MR lubrication was ob-
tained with a polymer sleeve, the wear of this sleeve was only ~3.5
times larger than with the reference, while the friction was ~2.6
times higher. It was found that a layer of crushed iron particles had
formed in the converging region of the bearing, possibly protecting
the underlying polymer. For these reasons, polymer seems like a
promising sleeve material for an MR-lubricated bearing operating in
low-speed conditions. This has since been reconfirmed by another
investigation, where the authors experimentally tested the hydro-
dynamic performance of an MR-lubricated polymer bearing for a
wide range of speeds [44].
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