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Controlling Starvation
of Thrust Ball Bearing Using
Magnetic Fluids
Magnetic fluids (MFs) are a kind of magnetically manipulated colloid, which may serve as
an active lubricant. These fluids can be retained at the desired locations, by the application
of an appropriately designed external magnetic field. In this research work, initially, cen-
trifugal experiments were conducted to estimate the antispreading behavior of the MFs,
in the presence of an external magnetic field. Later, the starvation behavior of a thrust
ball bearing was investigated after lubricating it with an MF, under different magnetic
field distributions and operating temperatures. The preliminary results presented that the
application of an external magnetic field can maintain more residual MFs in the raceway
at higher rotational speeds. Tribological tests showed that proper magnetic field distribu-
tion on the raceway may effectively inhibit the lubricant loss and prolong operation before
the starvation of the bearing. In addition, an increased operating temperature of the bearing
accelerated the occurrence of a starved state of lubrication. [DOI: 10.1115/1.4068222]

Keywords: ball bearings, magnetic fluids, starvation, tribological tests, bearing design and
technology, bearings

1 Introduction
Bearings are the key components used to support the rotating

parts of the machinery in many applications, like ultra-high-speed
machine tools and the transmission system of the aviation industry.
Their operational stability is of great significance for the safety and
reliability of the entire mechanical system. Lubrication plays a vital
role in ensuring a smooth operating condition for the bearings. A
suitable availability of the lubricant in the raceway may avoid asper-
ity contact, overheating, and the ultimate bearing seizure condition
[1,2]. The lubricant film thickness controls the frictional losses,
temperature, and speed limit in high-speed lubricated bearings,
while a drastic reduction in lubrication may lead to undesired star-
vation conditions. Centrifugal force is a major cause of lubricant
loss experienced by the rolling bearings, especially for those oper-
ating under high-speed conditions [3]. It causes the lubricant to
spread and escape from the raceway of the bearing. In addition,
the increased temperature can cause surface tension gradient and
oxidation, which may also lead to undesired starvation conditions
[4,5]. Bearing failures, caused by lubricant loss or starvation, can
result in a catastrophic failure of the mechanical systems.

Grease is a commonly applied lubricant in rolling bearings due to
its ease of application, low friction, corrosion protection, and inher-
ent sealing ability, but it has a limited service life. Its structure dete-
riorates under mechanical work and an increase in temperature
causes oxidation. Additionally, evaporation, side flow due to the
contact pressures, cage scraping, and ball vibrations may also
lead to lubricant loss [6,7]. Periodic re-lubrication with fresh
grease is often needed for the smooth operations of the bearings
[4]. Therefore, to avoid the lubricant loss or the unwanted starvation
condition, it is crucial to maintain the lubricant in the frictional area.
Magnetic fluids (MFs) are the colloidal suspensions of nano-

sized ferromagnetic particles in a suitable carrier liquid like conven-
tional oil, water, and organic solvents [8]. Brownian motion keeps
these particles suspended under gravity, and to overcome the van
der Waals forces and magnetic dipole interactions, these particles
are coated with a layer of a suitable organic surfactant.
One of the attractive properties of MFs is that they possess the

behavior of a conventional lubricant as well as the magnetic prop-
erty [9]. The application of an external magnetic field can confine
and position them at the desired location, and the migration beha-
vior of the fluid can be controlled. Therefore, an improved lubrica-
tion behavior can be achieved by maintaining MFs between the
tribo-pairs, under the action of an external magnetic field.
Uhlmann et al. [10] explored the boundary lubrication behavior
of MFs and observed that the lubricant could be prevented from
leaving the contact zone by the application of an external magnetic
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field. Wang et al. [11] investigated the lubrication behavior of MFs
under an external magnetic field and observed that the load-carrying
capacity of the lubricant increases with an increase in magnetic
induction. The thin-film rheological performance of MFs in a
hydrodynamic regime was studied by Efrén et al. [12]. It was
observed that MFs, in conjunction with a suitable magnetic field,
can be used to promote replenishment and control lubricant starva-
tion conditions. In our previous work [13], it was observed that MFs
can be maintained at the contact interface of the tribo-pair by the
application of an external magnetic field, but their tribological per-
formance depends on the surface distribution of the magnetic field.
Taking account of the controllability of MFs, can the pattern of

MF lubrication, cooperated with the magnetic field, be introduced
to inhibit the lubricant loss under the effect of centrifugation?
What is the effect of different magnetic field distributions on the tri-
bological performance? What is the effect of different operating
temperatures on the MFs’ lubrication behavior? There is little
knowledge about it.
The objective of this study is to investigate the lubrication perfor-

mance ofMFs in high-speed thrust ball bearings, at different magnetic
field distributions and operating temperatures. Initially, centrifugal
tests were conducted to investigate the effect of different magnetic
field distributions, on the antispreading behavior of MFs in the
bearing raceway. Later, tribological tests were conducted to investi-
gate the lubrication performance ofMFs for the bearings under differ-
ent magnetic field distributions and operating temperatures.

2 Experimental Details
Commercially available Fe3O4-based MF, having a saturation

magnetization of 35.8 kA/m, was used during this research work.
The magnetic particles had an average size of 10–15 nm and a par-
ticle fraction of about 9% by volume and were dispersed in a diester
(the carrier liquid). It had a viscosity of about 56 mPa s, a little
higher than the carrier liquid (50 mPa s).
Stainless steel thrust ball bearings (SS51104) were used during

this research. The flat rings of the bearing were installed between
two specially designed fixtures made of aluminum alloy, as
shown in Fig. 1. Eight holes, equally spaced and having a size of
φ5 mm×5 mm, were machined in the lower fixture. To generate
a magnetic field on the raceway of the bearing, cylindrical perma-
nent magnets (NdFeB) with the magnetic parameter of 35 MGOe
were chosen. The size of each magnet was φ5 mm×3 mm. These
magnets were embedded in the holes with the same pole orientation
and rubber gaskets were applied at the bottom of the holes, to make
the surface of the magnets and the fixture at the same level.

ANSYS MAXWELL 16.0 software package was used to predict the
distribution of magnetic field strength at the raceway as shown in
Fig. 2, while MATLAB was used for the analysis of data. Magnetic
field intensity at the raceway depends upon the magnet and it had
a maximum value of H= 120 mT. The magnetic field distribution
around the lower raceway was varied by altering the number of
magnets embedded in the holes of the lower fixture, i.e., 4, 6, and
8 (represented as H4, H6, and H8, respectively).
Centrifugal tests were conducted to analyze the antispreading

behavior of the MFs at different speeds (0–2000 rpm), without
any magnet and by varying the number of magnets. The volume
of the MFs applied at the raceway was controlled at 0.04 mL and
tests were conducted for 2 min. The centrifugal force caused
some of the lubricant volume to spread out of the raceway and
this lubricant loss was measured by weighing the samples after
each test.
A modified MMW-1 tribo-tester was utilized to investigate the

MFs lubrication behavior for the bearing under varying distribution
of the magnetic field intensity, as shown in Fig. 1. The flat rings of
the thrust bearing were mounted between two specially designed
fixtures made of aluminum alloy, as mentioned above. Before
testing, bearing parts were ultrasonically cleaned for five minutes
in acetone and dried in the oven at 50 °C. The lower fixture
remained stationary while a belt drive was used to rotate the
upper fixture at different speeds. A certain volume of MF was
deposited at the raceway of the lower ring as a lubricant. An axial
load of 800 N was applied to the lower fixture while the rotational
speed was kept constant at 1600 rpm. These conditions were
selected to simulate the severe working environment and to
achieve the starvation condition earlier. The torque sensor and ther-
mocouple were used to measure the friction and temperature at the
raceway, respectively. A heating device was also attached below the
lower fixture to investigate the effect of temperature on the lubrica-
tion behavior. To quantitatively assess the starved state of lubrica-
tion, the service life of each bearing was defined as the time at
which the friction torque of the bearing exhibited a sudden incre-
ment. Each test was repeated thrice to ensure the reliability. An
optical microscope (Keyence Corp., Japan) and surface profilometer
(Bruker Corp., USA) were used to analyze the raceway surfaces
after each test.

3 Results and Discussion
Four groups of centrifugal experiments were conducted: MFs

without any magnet, MFs with four magnets (H4), MFs with six
magnets (H6), and MFs with eight magnets (H8). At the start of
each test, one drop of MFs having a volume of 0.04 mL was depos-
ited in the raceway. In the presence of magnets, as soon as the fluid
drop was deposited in the raceway, it was strongly attracted by the
magnetic field, forming magnetically triggered MF droplet division
on the ring surface.
Figure 3 presents the images of the original and the remaining

lubricant in the raceway after conducting centrifugal tests for two
minutes at different speeds. The dark region indicates the presence
of MF. The tests conducted without any magnet revealed that at a
low-speed of 200 rpm, the total volume of the MF was maintained
in the raceway. With an increase in the rotational speed up to
800 rpm, more volume of the MF escaped out due to the centrifugal
force and resulted in a significant decrease in film thickness in the
raceway. After a further increase in speed up to 1000 rpm, merely
a thin film of the fluid was left in the raceway.
The antispreading behavior of the MFs was improved by the

application of magnets. These magnets produced a magnetic field
distribution on the raceway and the MF was attracted toward the
locations with the strongest magnetic field (i.e., right above the
magnets) and it retained there spontaneously in the form of drops,
as shown in Fig. 3. In the presence of four magnets (H4), no
obvious spread out of MF was observed during centrifugal tests
conducted at speeds varying from 400 to 1000 rpm. The magneticFig. 1 Schematic diagram for the tribological test
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force dominated the centrifugal force and it remained restricted at
the four locations with the strongest magnetic field, which is a
clear contrast to the nonmagnetic condition. With an increase in
rotational speed from 1200 to 1800 rpm, the centrifugal force

started dominating the magnetic force, causing the MF to spread
out of the raceway and a corresponding decrease in volume. In
the presence of six and eight magnets (H6 and H8), an improved
antispread behavior was observed due to the stronger magnetic

Fig. 2 Distribution of magnetic field intensity produced at the raceway at (a) H4, (b) H6, and (c) H8

Fig. 3 Images of MFs on the raceway of the bearing before and after 2-min centrifugal exper-
iments. (The ring was held in the aluminum fixture, where eight holes were uniformly
machined and different numbers of cylindrical magnets (0, 4, 6, and 8) were embedded into
the holes.)
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field distributions on the raceway. Hence, the critical speed of lubri-
cant spreading out increased with an increase in the magnetic field
strength (number of magnets), and the loss in lubricant volume was
reduced accordingly.
Figure 4 presents the relationship between the remaining mass of

the lubricant in the raceway and rotational speed, during centrifugal
experiments. Without an external magnetic field, it started decreas-
ing earlier at the rotational speed of 300 rpm and reached a
minimum value at 1200 rpm. However, in the case of H4, the pres-
ence of a magnetic field increased the critical speed up to 900 rpm.
The critical speed values were increased to 1100 rpm and 1200 rpm
for H6 and H8, respectively. Hence, the strongest magnetic field dis-
tribution resulted in the least loss in the volume of MFs.
It is known that each of the nanoparticles, dispersed in a carrier

liquid, can be treated as a thermally agitated permanent magnet.
These are magnetized by an external magnetic field and the mag-
netic moment of each particle is along the direction of the applied
field [14]. This magnetization generates attractive forces between
them. By virtue of the stable suspension of the particles in the
carrier liquid, this attractive magnetic force manifests itself as a con-
trollable body force in the fluid [15]. A magnetic field induces a
magnetic body force in the MFs, which enhances its cohesive
energy and restricts the spreading behavior. Since the same
volume of MF (0.04 mL) was deposited at the ring during this
work, it is divided into smaller droplets with an increased number
of magnets due to the strong magnetic forces produced by these
magnets. Due to a linear relationship between the magnetic body
force and external magnetic field, the stronger adsorption is
imposed on the smaller droplets. Therefore, an improved anti-
spreading ability was observed at the raceway surface, with an
increase in the number of magnets. Additionally, an external mag-
netic field causes an increase in the viscosity of MFs [16], which
may also contribute to inhibit the spread of the fluid in the
raceway during the centrifugal tests. With an increase in rotational
speed, the centrifugal force starts dominating the magnetic forces
and the MFs can start spreading out of the raceway.
Figure 5 presents the variations observed in frictional torque and

temperature (at the raceway surface) of the MFs lubricated bearings,
at the rotational speed of 1600 rpm and normal load of 800 N. These
tests were conducted at room temperature without an external mag-
netic field. To investigate the effect of volume, three different
volumes of 0.01, 0.02, and 0.04 mL were applied.
Initially, a frictional torque of about 0 N mm was observed for

each of the three-volume conditions. As reported in Refs. [17,18],
the shape of the magnetic particles is approximately sphere in
nature, and they behave like micro balls at the frictional interface

of the bearing ball and raceway and partially reduce the direct
contact between them. Thus, the mode of friction for the ball
bearing changes from the macroscopic rolling to a mixed mode of
the macroscopic and microscopic rolling frictions. This resulted
in a low value of frictional torque at the very beginning of the
tests. For the volume of 0.01 mL, a sharp rise in frictional torque
was observed after 500 s of test time, accompanied by a sudden
rise in temperature. A similar behavior was observed at a volume
of 0.02 mL, and the starved state of lubrication appeared after
about 900 s of test time. However, for an increased volume of
0.04 mL, the low frictional torque of 0 N mm was exhibited
throughout the experiment with a stable rise in temperature. It
was observed that at a volume of 0.04 mL, a sufficient quantity of
MFs remained in the raceway and the bearing operated in the
fully flooded regime, avoiding the lubrication starvation condition.
The inset diagram provides a comparison of the worn surfaces of

the bearing raceway before and after friction tests. It can be
observed that the width of worn tracks on the raceway was wider
for the volume of 0.01 mL than 0.02 mL, while for the volume of
0.04 mL, the width of the wear track was the lowest since the
bearing remained fully lubricated throughout the test. From
Fig. 5, it was concluded that the starvation condition could be
achieved earlier for the lower volume of the lubricant. Therefore,
severe operating conditions of a low volume of MF (0.01 mL), a

Fig. 4 The relationship between the rotational speed and the
residual mass of the MFs without and with magnets

Fig. 5 Comparison of the frictional torque and temperature
curves of the bearing lubricated with different volumes of MFs

Fig. 6 Comparison of the frictional torque and temperature
observed at dry friction, MFs without H and MFs with H4
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high axial load (800 N), and a high rotational speed (1600 rpm)
were selected for further experiments.
Figure 6 presents the variations in frictional torque and tempera-

ture (at the raceway surface) conducted at the following conditions:
dry friction, MF lubrication without H (no magnet), and MF lubri-
cation with H4 (four magnets). Initially, frictional torques were
stable at their least value for each of the three conditions. Under
dry friction conditions, a sharp increase was observed after about
100 s and it reached a peak value of about 280 N mm. The
absence of a lubricant resulted in more wear and friction, which

was also evident from the corresponding rise in the temperature.
Application of MFs delayed the lubrication starvation time up to
500 s. A better lubrication behavior was exhibited by the MF in
the presence of four magnets since a magnetic field attracted the
MF and more volume could be restricted in the raceway. This pro-
longed the lifetime of the bearing to about 1700 s, which is 3.4
times higher than the nonmagnetic field condition. The temperature
rise was also stable during the low friction process, which is bene-
ficial for the chemical stability of the lubricant.
As expected, the presence of MFs depicted a better lubrication

behavior than in dry conditions. It was observed during the centrif-
ugal tests (Figs. 3 and 4) that at speeds above 800 rpm, only a small
volume of MF was left in the raceway under the nonmagnetic field
condition, while most of it was spread out due to the centrifugal
effect. Therefore, at a higher speed of 1600 rpm, a starved state of
lubrication was prone to occur. The application of four external
magnets helped to improve the lubrication performance of MFs
and delayed the starvation condition of lubrication.
The starved state of lubrication was also evident from the 3D pro-

files of the bearing ball and the worn raceways, as shown in Fig. 7.
Due to a high Hertzian contact pressure, both the ball and the
raceway exhibited severe wear, plastic deformation, and wide
wear scars after 100 s of the dry friction test. The application of
an MF partially eliminated the direct contact between the ball and
the raceway. This reduced the severity of the abrasion and plastic
deformation, which was evident from their respective 3D profiles.
The starvation state of lubrication leads the contact pair into a
severe situation where asperity contacts take place and scuffing
increases. Although lubricant starvation condition was experienced
at about 1700 s of test time for H4, a reduction in wear and plastic
deformation was observed due to the external magnetic field pro-
duced at the surface of the raceway. Hence, it is evident that the
antispreading ability of the fluid was enhanced by the adsorption

Fig. 7 Images of the worn bearing ball and raceways before and after friction tests

Fig. 8 Frictional torque observed at varying magnetic field
distributions
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of an external magnetic field and more residual lubricant was
retained in the raceway to extend the steady lubrication time.
To evaluate the optimum magnetic field distribution, tribological

tests were conducted under severe operating conditions and apply-
ing H4, H6, and H8. Frictional torque was observed to remain stable
at its minimum value from the beginning of the tests, as shown in
Fig. 8. Lubricant starvation condition, represented by a sharp rise
in frictional torque, was obtained after about 1700 s of test time
for H4, after 2100 s for H6, and after 2700 s for H8. A stronger mag-
netic field distribution (by increasing the number of magnets)
imposed stronger adsorption on each of the droplets with a more
evenly dispersed lubricant in the raceway. Therefore, the frequency
of the balls rolling over the droplets enhanced during each
cycle. The time to achieve the starved lubrication condition was
increased by about 5.4 times for the MF with H8 when compared
with the MF without H (Fig. 6), with a corresponding reduction
in temperature.
Figure 9 presents a comparison of the time to achieve a starved

condition of lubrication, observed under different lubrication and
severe operating conditions (also discussed in Figs. 6 and 8). MF
without H exhibited about five (5) times improvement in the starva-
tion time when compared with the dry condition. The introduction
of an external magnetic field with H4 prolonged the starvation time

to about 3.4 times than MFs without H. An increase in the
number of magnets resulted in a further improvement in the starva-
tion time.
Figure 10 presents a comparison of the tribological results

observed at room temperature, 40 °C and 70 °C, for the lubrication
conditions of MF without H and MF with H8. For MF without H,
frictional torque remained stable in the beginning at about 0 N
mm for both the room temperature and 40 °C, while lubricant star-
vation was observed at about 520 s and 450 s, respectively. At the
higher temperature of 70 °C, the frictional torque started from the
higher value of 25 N · mm and remained stable till about 360 s,
after which it started to increase gradually and reached a peak
value of 240 N mm. For MF with H8, the value of about 0 N mm
was observed in the beginning for each of the three temperature
conditions. At room temperature, a sharp rise in frictional torque
occurred at about 2700 s, while this time was reduced to 2500 s
and 1520 s for 40 °C and 70 °C, respectively. MF with H8 pro-
longed the lubricant starvation time to about 4.2 times than MFs
without H, at 70 °C.
Hence, the starved state of lubrication seems more prone to occur

at higher temperatures due to the decreased viscosity of MFs. It is
known that the viscosity of the lubricant reduces with an increase
in the operating temperature. A low viscosity may lead to a
reduction in the load-bearing capability of the lubricant film. Addi-
tionally, low viscosity contributes to lubricant spreading. With
an appropriately designed external magnetic field, more volume
of MFs can be prevented from escaping the contact area and
a less volume can meet the lubrication requirements. Interaction
between the nanoparticles and the designed external magnetic
field causes an increase in the viscosity [10], which is also condu-
cive to improve the load-bearing capability and the service life of
the bearings.

4 Conclusions
This article presents the results of the experimental investigations

conducted for controlling starved states of lubrication in ball bear-
ings, using MFs as a lubricant. Centrifugal experiments were con-
ducted to analyze the influence of an external magnetic field
distribution on the antispreading ability of the MFs, while tribolog-
ical tests were performed to estimate the service life of the bearings
under different external magnetic field distributions. The prelimi-
nary results exhibited that with an appropriately designed external
magnetic field, MFs could be restricted in the raceway and
prolong the time to achieve a starvation state of lubrication. The
main conclusions are as follows:

(1) During centrifugal tests without an external magnetic
field, the MF started spreading out of the raceway earlier at
a low-speed. A stronger external magnetic field retained
more volume of MF in the raceway at higher rotational
speeds. Hence, the residual volume of MFs in the raceway
increases with the increase in external magnetic field
distribution.

(2) Under the fully flooded state (at the volume of 0.04 mL), the
frictional torque of the bearing remained steady and no star-
vation state of lubrication occurred after operating for 3600 s.

(3) Under insufficient lubrication conditions (at the volume:
0.01 mL), lubricant starvation is unavoidable. However, the
service life can be extended due to the antispreading ability
of MFs with the introduction of an external magnetic field.
The time to achieve the starved state of lubrication was
increased to about 5.4 times by the application of eight
magnets (H8) when compared with MFs without H (no exter-
nal magnetic field).

(4) The increased operating temperature accelerates the appear-
ance of a starved state of lubrication. Application of MFs
with a suitably designed external magnetic field can
prolong the lubricant starvation time and increase the
service life of the bearings.

Fig. 9 Comparison of the starvation time observed under
severe test conditions

Fig. 10 Effect of temperature on the frictional torque observed
under severe conditions, for MFs lubrication without H and
with H8
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