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Magnetic fluid (MF) is a kind of magnetically controlled colloid, which may serve as an active medium in support
and lubrication systems. This paper presents a design of micro magnet arrays for MF lubrication associated with
fluid/gas supports. By using electrochemical machining and electroplating techniques, thick micro magnet arrays
with sheet and ring cells were fabricated in 316 stainless steel substrate. The support and lubrication behaviors of
MF absorbed on the magnet arrays were tested and compared. Results confirm that MF fixed on the magnet

arrays possesses a certain load carrying capacity. Due to the supporting capacity, low friction coefficient of 0.003
can be achieved. Under high load condition, the magnetic surfaces only show friction reduction at the higher

speeds.

1. Introduction

The attempt to decrease friction between sliding surfaces is an
eternal pursuit of human beings. Fluid film lubrication is one of the ideal
states, through which the rubbing surfaces can be totally isolated by a
squeezed lubricant film. Friction is only originated from the shearing of
the viscous oil and wear may not occur. The hydrostatic and hydrody-
namic lubrications are the two typical representatives. For the hydro-
static lubrication, a pump outside should be applied to create the oil
pressure and the hydrodynamic lubrication usually occurs under high
speed and low load conditions [1]. A question then arises: is there a kind
of lubrication mode, similar to fluid film lubrication, while the gener-
ated load carrying capacity of fluid film does not rely on any relative
motions or other external facilities?

The emergence of magnetic fluid (MF) provides a new solution to this
issue. MF is a colloidal dispersion of single-domain magnetic nano-
particles suspended in a carrier liquid [2]. From the lubrication point of
view, MF is interesting since it can be positioned at a desired area and
exhibits fluid nature. Excellent MF lubrication performance can be ob-
tained under boundary [3], soft elasto-hydrodynamic [4] and thermal
elasto-hydrodynamic [5] conditions. While for MF lubricated oil-film
bearing, results show that the load-carrying capacity of the oil film
can be controlled by magnetic field [6]. To achieve superior lubrication
property, studies on optimizing the weight fraction of nanoparticles in
MF were carried out [7,8]. Besides, the lubrication behaviors of a novel
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magnetic ionic liquid and MF were compared in the case of steel/steel
contacts [9]. From the bearing point of view, MF is also amusing because
it can be magnetized under the action of an external magnetic field to
generate an adjustable http://yyjyc.08952.com/tgya/jfcha.asp?chaa
—=governable&aa=4magnetostatic force [10]. This outstanding prop-
erty makes MF a very good candidate for lubrication system since the
magnetostatic force can bear a load. Fig. la presents a copper coin
floating on the surface of the magnetized MF and Fig. 1b shows the test
process of confirming such force. Preliminary results indicate that the
supporting force of the fluid enhances with increasing of the MF
magnetization [11].

Besides the fluid support, recent works show that gas sealed by MF
can also generate support [12,13]. Fig. 1c gives a MF ring attracted on
the upper surface of a circular permanent magnet. On one hand, the
magnetized MF ring is capable to supply fluid support (Fr, magnetostatic
force). On the other hand, when the lower surface of the magnet is
attached with a baseplate, the gas in the ring chamber sealed by MF is
expected to afford gas support (Fg) at the same time. As shown in Fig. 1c,
according to the theoretical analysis, the gas support (Fg) depends on the
sealing capacity of the MF [12]:

FG:/Q?:‘ —po) - Ar = pM(H; — Hy)Ap (@)
s

where p; and py are the pressure of the inner and outer side of the MF
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Fig. 1. (a) Copper coin supported by magnetized MF; (b) Images of the sup-
porting force test process; (c) Schematic diagram of the support based on MF
seal (The inset presents an image of an annular magnet covered with MF.).

interface, H;and Hy are the corresponding magnetic field strength, y,is
the permeability of free space, M; is the saturation magnetization of the
MF and Ar (n r2) is the gas supporting area. Clearly, the introduced gas
support may further enhance the total load capacity.

The analysis above shows that the bearing capacity of MF is free from
any movements or pumps, and such property is highly desirable in
lubrication. With the development of science and technology, device
miniaturization, such as MEMS, has become a trend. Due to the high
surface/volume ratio, friction and wear are crucial to performance in
such systems. The advantage of MF support becomes a new avenue.
However, to gain the MF support based on macro-scaled magnet (mm
scale) is unrealistic and the key issue is to fabricate tiny magnet on
rubbing surface. Furthermore, little is known about the effects of micro
magnet structure on the MF lubrication mechanism.

Inspired by the support properties of MF absorbed on single macro-
scaled magnets (see in Fig. 1, mm-scale), micro permanent magnet ar-
rays (see in Fig. 2) were introduced to friction surfaces, forming cyclical
magnetic field distribution. The load carrying capacity of MF covered on
the magnet arrayed surface was investigated. Then, the lubrication
performances of MF on the magnetic and normal surfaces were explored
and compared. The influences of applied load and speed were taken into
account. The obtained results provide a better understanding between
the MF support and lubrication mechanisms based on the tiny magnet
arrays.

Substrate

(9?0/

Fig. 2. Schematic diagram of micro magnet arrays for MF support and lubri-
cation (These magnet arrays and the substrate are at the same level.).

Tribology International 150 (2020) 106407
2. Experimental method
2.1. Specimen fabrication

The micro magnet arrays are fabricated on a substrate using elec-
trochemical machining and electroforming techniques [14]. And the
main process contains four steps: photolithographic, electrochemical
machining, electro-deposition and polishing. More specially, a photo-
lithographic method was applied to prepare a photo-mask pattern with a
specific geometrical shape on the substrate surface. The uncovered
substrate surface was electrochemical etched in salt solution to manu-
facture micro-pits. Then, CoNiMnP permanent magnetic allay with a
high coercivity of 1100 Oe and remanence of 1900 Gs [15] was elec-
trodeposited into these micro-pits. Finally, the magnet arrayed surface
was polished to Ra 70 nm. After that, the micro magnet arrays were
magnetized by using permanent magnets.

In this paper, two types of micro magnet arrays with round sheet and
ring cells are designed and Fig. 3 shows the configuration of the arrays.
These magnet arrays are fabricated on 316 stainless steel disk (®40 mm
x 3 mm, see in Fig. 4) and the geometric parameters of the micro magnet
array on each specimen are shown in Table 1. It is estimated that about
140 micro magnets with square arrangement distribute on the disk
surface. In addition, these magnet arrays and the substrate are at the
same level. Fig. 4 shows the two types of final specimens and specimens
absorbed with MF. As can be seen, ordered patterns of MF bulges appear
on each surface due to the interaction of micro magnetic field. For
comparison, specimen No.l displays the normal surface made of 316
stainless steel disk without any micro magnets.

2.2. Support and friction tests

Supporting forces of MF were measured by using a custom-made
setup, as described in Ref. [16] (see in Fig. 5a). Briefly, an upper plate
with the size of ®10 x 1.0 mm (made of 316 stainless steel) was con-
nected with cantilever beam. During the measuring process, the
micro-deformation of the beam was monitored by a laser interferometer.
The force could be calculated according to the amount of deformation.
The effective range and resolution of the test system were 1000 mN and
0.1 mN, respectively. The specimen absorbed with MF was placed hor-
izontally on a mobile platform, which was right under the upper plate.
As the platform shifting up with the velocity of 0.01 mm/s, the MF
operating on the upper plate lead to the cantilever beam’s deformation
and the force was automatically recorded by a data collection system.

Two types of friction test were performed with a flat-on-flat config-
uration. Under the low load and speed conditions (500 mN, 0.1 mm/s), a
reciprocating tribotester (Surface Measurement Machine, Sinto Scien-
tific, Japan) was used (see in Fig. 5b) and a plate-on-disk tribotester (see
in Fig. 5¢) for the high load and speed conditions (2 N, 6-157 mm/s). An
upper plate, the same as the supporting test used (®10 x 1.0 mm, 316
stainless steel), maintained stationary during the friction process and the
lower specimen (shown in Fig. 4) was mounted on the reciprocating/
rotating platform, which was connected to a motion mechanism. To
sustain the upper plate aligning with the lower specimen’s surface
automatically, the upper plate was connected with a ball-joint holder.

Commercial MF with a saturation magnetization of 15.9 kA/m is
used. It contains Fe3O4 particles with the average size of 15 nm coated

Fig. 3. Dimensional sketch of the two types of the micro magnet arrays.
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Fig. 4. Images of the final specimens covered with MF.

Table 1

Parameters of the micro magnet array on the specimens.
No. D (pm) d (pm) t (pm) L (pm)
1 (normal) 0 0 0 0
2 (sheet) 1400 0 80 3000
3 (ring) 1400 800 40 3000
4 (ring) 1400 800 80 3000
5 (ring) 1400 800 120 3000
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by a lay of oleic acid as surfactant. The carrier liquid is diester with the
viscosity of 50 mPa s, which is lower than that of the MF (79 mPa s). For
each support and friction tests, the dosage of 0.5 mL MF is dropped on
the lower specimen’s surface.

During the experiments, the five specimens in Table 1 are divided in
two groups. To explore the effects of magnet arrays (including shapes)
on MF support and lubrication behaviors, three specimens (No.1, 2 and
4) are in one group. And ring typed specimens (No.3, 4 and 5) are in the
other group to figure out the thickness influence of the micro magnets.
Each of the test was repeated three times for the 5 specimens.

3. Results and discussion

Fig. 6 shows the supporting capacity of MF covered on the normal
(No.1) and magnetic (No.2-5) surfaces. As the specimen approaches to
the upper plate, the normal surface shows a negligible supporting force
and the trivial force may come from the viscosity resistance of MF. While
on the magnetic surfaces, the forces increase obviously and the values
enhance gradually as the specimen moves up. It is known that MF is an
assembly of superparamagnetic nanoparticles in a carrier liquid and the
dipole moment of each particle is oriented randomly in the zero field
case. However, in an applied magnetic field, the particle moment will
arrange along the orientation of the field, exhibiting macroscopic
magnetization. The magnetization of the MF may induce attractive force
on each particle, which will transform to the bulk fluid as a body force
[17]. And during the bearing process, the body force manifests itself an
ability of static fluid support (Fg), shown in Fig. 1. Usually, the attractive
force increases proportionally to the applied magnetic field strength
[10]. As the distance between the specimen and the upper plate
decreasing, the strength of the field forced on the MF enhances gradu-
ally. Consequently, attraction between individual particles reinforces,
resulting in the macroscopic increment of the supporting force.

Furthermore, as can be seen in Fig. 6a, the supporting force

Supporting force test system

Reciprocating tribotester
for low load condition

Plate-on-disk tribtester
for high load condition

(2)

i

[

m

|

pouble paraliel P
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Fig. 5. Schematic diagrams of the supporting and friction test systems.
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Fig. 6. Dependence of the supporting forces on the height (h) between the lower specimen and the upper plate.
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generated on the surface with micro ring cell (No.4) is almost twice
higher than that of the specimen with sheet cell (No.2). In addition, the
force produced on the ring type specimens also rises with the increment
of the magnet thickness (see in Fig. 6b). To explain the phenomena, the
magnetic field distribution on the four surfaces (No.2-5) was calculated
by using a software of Ansoft Maxwell 3D model. The magnetic and
geometrical parameters input were in accordance with each specimen
and the results are given in Fig. 7 (height: 0.3 mm). It seems that the
maximum strength of the field is concentrated at the edge of each
magnet cell. For the sheet type specimen (No.2), the supporting force
only origins from the magnetized MF, and it is a kind of fluid support
(Fp), which is directly related with external field strength. For the ring
type specimen, besides the fluid support, the gas sealed by MF in each
micro cavity may create an extra supporting force (Fg). As can be seen in
Fig. 7a and c, due to the same magnitude of the field strength between
specimens No.2 and No.4 (6 x 10 A/m), the ring type specimen exhibits
the higher support capacity.

While for the three ring type specimens, the supporting behavior is
more or less the same (see in Fig. 6b). Since the demagnetizing factor of
magnet declines with the increment of axial dimension [15], the surface
magnetic strengths increase steadily with the increasing of micro mag-
net thickness. Such results were confirmed by the magnetic field simu-
lation (see in Fig. 7b, c and d). The enhanced field strength will not only
benefit the fluid support improvement, but also promote the MF seal
capacity on each micro magnet cell according to the MF sealing principle
[18]. As shown in Fig. 1c, with the decrease of the height (h), the inner
interface of MF moves to the position with higher magnetic field
strength (H;) while the outer shifts to the lower one (Hp). Based on Eq.
(1), the gas support (Fg) will increase gradually due to the increased
(Hi-Hp). Hence, the total bearing force tested on the ring type specimens
grows with the increasing micro magnet thickness.

Fig. 8 shows the friction curves versus time of the five specimens
under the low load of 500 mN, which is chosen based on the results of
supporting tests (see in Fig. 6). As shown in Fig. 8a, the normal surface
(No.1) expresses the highest friction coefficient in general. The value
decreases from 0.13 at the beginning and stabilizes at 0.08. As expected,
the coefficients decline obviously for the magnetic surfaces. Due to the
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normal load applied has surpassed the ultimate support capacity of
specimen No.2 (320 mN), it can be deduced that the load is shared by the
MF support and asperity contacts together. The stable coefficient value
is about 0.03, corresponding to the mixed lubrication state. The lowest
friction coefficient of 0.003 appears for the ring type specimen No.4.
Since its ultimate load (630 mN) is higher than the applied load, it means
the tribopairs can be fully isolated by the MF film and squeezed gas in
the MF seal unit. Thus, friction force is only associated with the internal
shearing of the MF.

The low frictions are further confirmed when using the three ring
type specimens (see in Fig. 8b). Note that the coefficient of specimen
No.3 is a litter higher than the other two, and the reason may also be
related with its lower support capacity (see in Fig. 6b). When the bearing
force is much larger than the normal load, low friction coefficient of
0.003 regains. To figure out the superiority of MF lubrication on the
micro magnet arrayed surface, three other lubricants (silicone oil, PAO
and diester) were used and the results were presented in Fig. 8c.
Compared with conventional lubricants, due to the support capacity, the
tribo-pairs are separated by the supporting force and the MF on the
magnetic surface presents the lowest friction coefficient.

It shows that as long as the mass of an object is less than the capacity
of the MF supporting system, it will float on the surface of MF. Moreover,
unlike the classic hydrodynamic or hydrostatic lubrications, such MF
bearing structure does not rely on relative motion or pumps and it can
provide bearing force in the stationary state. Such result could greatly
relieve the “stick-slip” behavior in the precise and low speed
mechanisms.

Besides the low load condition, lubrication behaviors under a high
load were also conducted with a series of sliding speeds from 0.006 to
0.157 m/s. Fig. 9 shows the stable original friction curves of the two
specimens (No.1 and No.4) at the sliding speed of 0.157 m/s, where the
magnet arrayed specimen presents obvious friction reduction. To esti-
mate the general effects of the magnet arrays, specimens at each speed
were performed for 300 s and the stable data of the last 60 s was aver-
aged as the final result. Fig. 10 summarizes the frictional transition of
each specimen lubricated with MF in Stribeck curve format. During this
procedure, the lubricant film is very thin at low speed condition and film

Ring type No.3

x10°

00
Ring type No.5

" 100

Fig. 7. 3D-visualization of magnetic field distribution on each surface.
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Fig. 8. Friction curves of the five samples lubricated with MF at low load and speed conditions (a) and (b); Friction curves of sample No.4 lubricated with different

lubricants (c).

0.3
Load: 2N

= Speed: 0.157 m/s
.9 9,J Lubricant: MF, 0.5
50
S Sample No.1
Qo o g g A
[&]
5
5 0.1 Sample No.4 ‘ N
g

0.0 T T T T T

0 50 100 150 200 250 300
Time (s)

Fig. 9. Friction curves of the samples (No.1 and No.4) under a high load of 2 N.

thickness changes with the increase of the speed, leading to the transi-
tions of contact and lubrication state [19]. The indications of the
lubrication regime can be estimated according to the friction
coefficients.

Fig. 10 summaries the influence of micro magnet arrays on transition
in lubrication regimes. Obvious differences appear between the normal
and magnetic surfaces in Fig. 10a. For the normal surface (No.1), the
coefficients of friction rise with the increment of the sliding speed with
no transitions. Based on the Stribeck curve [20], even at a low speed
condition, the tribo-pairs can get into the full film lubrication. While for
the magnet arrayed specimens (No.2 and No.4), the coefficients changes
from a high value of about 0.05 at the speed of 0.006 m/s to a lower
value of 0.03 as the speed increases to 0.019 m/s. After that, the co-
efficients of friction grow continuously as the speed elevates. Such

occurrences indicate that, the formation of full MF film is capable to
separate and lubricate the tribo-pairs, and the frictional state on the
magnetic surfaces transforms from the mixed to the hydrodynamic
lubrication regimes. In comparison to the normal surface, the surface
with micro magnet cells presents a friction increment at the low speed
condition. The main reason can be attributed to the presence of mag-
netic field. Due to the absorption of the micro magnets, the fluid
spreading can be restrained partly [21] and uniform MF film cannot be
formed on the rubbing surface. Moreover, magnetic particles suspended
in carried liquid will line up with the magnetic field, resulting in vis-
cosity increment [22], which will also enhance the friction force. On the
contrary, MF may flow smoothly on the surface of specimen No.1 and
form effective lubricant film even at a very low speed condition.

It is interesting to find that the magnetic surfaces (No.2 and No.4)
present friction reduction at high speed condition compared with the
normal surface (Fig. 10a). In the absence of magnetic field, MF is similar
as the conventional lubricant. Caused by the centrifugation, parts of the
MF spatters away from the rubbing surface. While due to the micro
magnet arrays, more MF is absorbed on the surface as lubricant, which
could be the dominate reason for friction reduction. Besides, because of
the effect of shear thinning [3], the viscosity of MF decreases at the
higher shear rates, which is also conducive to reducing friction in the
hydrodynamic lubrication state [23].

As observed in Fig. 10b, the specimen with thicker micro magnet
shows better lubrication property, especially at the higher speed con-
ditions. Usually, the magnetization of the MF is the function of the
applied magnetic field at isothermal condition. Thus, the induced
magnetic force f;, of MF can be represented as [24]:

fn = po Xm H-VH )

where y is the permeability of free space, X, is the magnetic suscepti-
bility of MF, H and VH are the applied magnetic field strength and
gradient.



J. Lietal

0.161 (a)
1 Load: 2N
Lubricant: MF, 0.5 mL

—m— No.1, normal surface
—e— No.2, sheet type
—A— No.4, ring type

0.12
| Samples:

0.08+

Friction coefficient

<

(=

X
1

0.00 +———— - - ———rt

001 . . 0.1
Sliding speed (m/s)

Tribology International 150 (2020) 106407

0.16 (b)
Load: 2N

g 0.12 Lubricant: MF, 0.5 mL
‘S —=— No.1, normal surface
% Samples: —&—No.3, ring type
S 0.084 —v— No.4, ring type
8 ' —e— No.5, ring typ
=
3]
(£0.04

0.00 T T

001 .
Sliding speed (m/s)

Fig. 10. Summary of the MF lubrication in Stribeck curve format.

Based on Eq. (2), the interaction force between the micro magnet and
MF grows with the increment of surface field strength. Due to enlarged
magnetic strength, the centrifugal effect may be inhibited dramatically
and more MF can be remained on the sliding surface, forming effective
lubrication film. Besides, as mentioned in Refs. [23,25], the higher
magnetic field strength would help boost the load carrying capacity of
the MF lubrication film. Therefore, specimen No.5 presents the best
friction behaviors and its coefficient of friction declines by 27.8%
compared with that of the specimen No.3 at the speed of 0.157 m/s.

Fig. 11 presents a summary of the coefficient differences between
magnetic and normal specimens under the load of 2 N. In general,
magnetic surfaces lubricated with MF show friction increment at the low
speed conditions. As the speed is over 0.013 m/s, all the magnetic
specimens exhibit an anti-friction property. The higher speed it is, the
greater the difference is. Meanwhile, as the thickness of the micro
magnets expands, the anti-friction performance becomes more obvious.

4. Conclusions

To achieve static support of MF, two types of micro magnet (sheet
and ring) arrays were introduced to friction surfaces, forming cyclical
magnetic field distribution. The support and lubrication behaviors of MF
on the two surfaces were tested and compared. According to the results
presented, the following main conclusions can be drawn.

(1) The supporting capacity of MF absorbed on micro magnet arrays
was confirmed. Compared with the sheet typed surface, MF on
the ring typed micro magnets can generate the higher supporting
force. And the force increases with the increasing thickness of the
magnet cell.

Under the low load condition (500 mN), as the force supplied by
the MF supporting structure is much larger than the normal load,
low friction coefficient of 0.003 can be achieved.

Under the high load condition (2 N), the magnetic surfaces
lubricated with MF only show friction reduction at the higher
speeds. Additionally, as the thickness of the micro magnet cell
increases, the anti-friction behavior becomes more evident.
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