Sijie Liao
Wei Huang
Xiaolei Wang'

e-mail: wx/@nuaa.edu.cn

College of Mechanical

and Electrical Engineering,
Nanjing University of Aeronautics
and Astronautics,

Nanjing 210016, P. R. C.

Micro-Magnetic Field Arrayed
Surface for Ferrofluids
Lubrication

CoNiMnP permanent magnetic films have been electroplated into arrayed round dimples
(with diameters from 100 um to 700 um) machined on the substrate surface (316 stainless
steel). These films could be magnetized and could generate the arrayed micro-magnetic

field. Compared with normal surfaces (316 stainless steel flat surfaces without any dim-

ples or coatings), the frictional properties of such magnetic surfaces were investigated
under different loads and sliding speeds when lubricated with ferrofluids using a friction
test rig. Much attention was paid to the effect of the dimple sizes on the lubrication prop-
erties. In addition, the magnetic properties of the dimples arrayed surface were analyzed
by finite element analysis software (Ansoft Maxwell 3D). The results show that there
exists the optimized geometrical parameter of the arrayed magnetic surface, which dis-

plays the best tribological performance when lubricated with ferrofluids.
[DOL: 10.1115/1.4005264]
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1 Introduction

Ferrofluids (FF) are stable colloidal systems with single-domain
magnetic nanoparticles suspended in carrier liquids [1]. The mag-
netic particles, usually Fe;O,4 or e-FesN, are up to 10-20nm [2].
With many specific and particular physical and chemical proper-
ties, FF have been widely used in bearing sealing, lubrication,
grinding, separation, ink-jet printing, damper support, and so on
[3-5].

As a lubricant, FF show many special characters and advan-
tages compared with conventional lubricants. The physical prop-
erties of the surface, especially the magnetic properties, will
strongly affect the behavior of FF. With the external magnetic
field, FF can be located on the friction zone and act as a sustaining
lubricant to reduce the dosage and the leakage to the environment
[6]. The friction behaviors of FF were also affected by the distri-
bution of the magnetic field and the particle concentration of FF
[7,8]. Furthermore, the viscosity of FF will be increased with the
external magnetic field strength [9], which may affect the lubrica-
tion properties. According to theoretical calculation, magnetized
FF is capable of supporting loads between parallel plates [10].
Therefore, an optimized design of the surface magnetic fields can,
to a great extent, develop the advantages of FF lubrication. Gener-
ally, in most sliding bearings lubricated with FF, magnetic fields
are provided by block permanent magnets, which require certain
spaces to place [11]. To meet the functional requirements, how to
reduce the volumes of magnets by as many as possible becomes
attractive to researchers.

Among many different magnetic materials, CoNiMnP alloy has
been widely used for permanent magnets in micro electro me-
chanical systems (MEMS) because of its high magnetic energy
density, high coercivity (H,.), good mechanical properties, low
cost, etc. [12-14]. As mentioned in Ref. [12], the electrodeposi-
tion technique was chosen to prepare CoNiMnP alloy on the sili-
con membrane for MEMS devices.

In 2009, our group first fabricated CoNiMnP films into round
dimples (with diameters of d =500 um) and studied the lubrica-
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tion effects using FF as lubricant [15]. Shown in Fig. 1 is the con-
struction of the round dimple deposited with CoNiMnP magnetic
film. The magnetic film would act as a permanent magnet to pro-
vide an external magnetic field to attract FF. It is known that the
magnetic nanoparticles in FF can be treated as single domain par-
ticles, and each of them is a small permanent magnet in the carrier
liquid [16]. In the presence of a magnetic field, the magnetic
moment of the particles will try to align in the magnetic field
direction, and the chains of particles may be formed in FF. A
small protrusion of an FF drop is supposed to appear on the mag-
netic film surface (see Fig. 1). Preliminary results show that the
surface with this kind of CoNiMnP magnetic film arrays exhibits
superior tribological properties when lubricated with FF under
certain conditions. However, the lubrication properties of this sur-
face would be distinctive as the drawing ability between film
arrays and FF would be affected by magnetic parameters (mag-
netic field strength (H) and gradient (VH)), while the array dimen-
sions (dimple’s diameter d, height £, etc.) or the area ratio () will
have an immediate impact on the magnetic properties of the sur-
face. Therefore, the lubrication effects of FF could be improved
by optimizing the geometry parameters of CoNiMnP film arrays
on the surface.

In this paper, we prepared CoNiMnP films into dimple arrays
with different geometrical parameters. The magnetic field distri-
bution regularity of the magnetic film arrays was analyzed using
finite element analysis software. The lubrication effects of these
film arrayed surfaces were basically studied when lubricated
with FF.

2 Magnetic Filed Analysis of CoNiMnP Film Arrays

For nonconductive FF, the unit volume value of the induced
magnetic force (F,,) is given as follows [17]:

Fo = oy, H-VH (1)

where (i is the permeability of free space or air, y,, is the suscep-
tibility of ferrofluid, H is the magnetic field intensity, and VH is
the gradient of magnetic field. It shows that the higher H and the
VH will lead to the stronger F,, between the film and FF.

To analyze H distribution on this new surface construction,
Ansoft Maxwell 11 software was used. Each CoNiMnP film in the
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Fig. 1 Diagram of CoNiMnP film in dimple covered with FF
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Fig.2 Calculation model of the magnet arrayed surface

dimple can be regarded as a small cylindrical magnet. The setting
model for calculation is illustrated in Fig. 2, where the thickness
of dimples and CoNiMnP films are 45 yum and 25 um, respec-
tively. Meanwhile, the substrate material is nonmagnetic 316
stainless steel.

The geometrical parameters of round dimples include diameter
d as well as the area ratio r of dimples on the surface, etc. Diame-
ters of the round dimples in the analytical models range from
100 um to 1000 um with r =5%. The schematic of r is also shown
in Fig. 2, and r can be calculated as follows:
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where 1 is the area ratio, S, is the total area of surface dimples, S
is the whole area of surface, d is the diameter of dimple, and / is
the distance between every two dimple centers.

Figure 3 gives the result of the surface magnetic field H distribu-
tion (d =500 um, r=>5%). It can be seen that the magnetic flux
were mainly concentrated on the boundary of the dimples, which
implies that the film’s boundary owned the highest H. The analyti-
cal result shows that the value of H on the dimple’s boundary
reaches about 11,000A/m, but in the center, it drops to merely
300A/m. In Si unit, A/m is the unit of magnetic field intensity.
Where A represents ampere and m represents a metric unit of length.

Dimples with different diameters own various magnetic proper-
ties. Figure 4 shows the relationship between the average value of H
in the dimple’s boundary and d. In order to improve computational
accuracy, four dimples (as shown in Fig. 2) in every model were cal-
culated. It can be seen that the average H increases with the increas-
ing of d. When d is between 400-800 um, the value of H tends to be
constant (10,500 A/m). However, it sharply decreases to 8700 A/m
when d exceeds 900 um. According to Eq. (1), if VH is ignored, F,,
is proportional to H. It shows that when d is around 400-800 pum, the
maximum value of the average H on the dimple’s boundary was
obtained, which implies their superiority in attracting the FF.

The effects of the CoNiMnP films’ density (the area ratio: r)
were also analyzed. Figure 5 shows the surface magnetic flux den-
sity distribution of the four models with different r (5%, 10%,
15%, and 20%) and the same d (500 um). When r is 5% and 10%,

1o

1Mo

Fig.3 H evolution on model surface (d =500 um, r=5%)
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(©)r=15%

(d) r=20%

Fig. 5 H distribution on surface of different area ratio ((a) r=5%, (b) r=10%, (¢) r=15%, and

(d) r=20%)

Table 1 Geometrical parameter of dimples on each specimen
No. d(um) I(um) r(%) No. d(um) [(um) (%)
1 100 400 5 13 400 1600 5
2 100 275 10 14 400 1100 10
3 100 225 15 15 400 900 15
4 100 200 20 16 400 800 20
5 200 800 5 17 500 2000 5
6 200 550 10 18 500 1375 10
7 200 450 15 19 500 1125 15
8 200 400 20 20 500 1000 20
9 300 1200 5 21 700 2800 5
10 300 825 10 22 700 1925 10
11 300 675 15 23 700 1575 15
12 300 600 20 24 700 1400 20

25 0 0 0

the magnetic flux lines are far more concentrated on the dimple’s
boundary than they are for the models with higher r. When r
reaches 20%, the magnetic flux lines begin to overlap with each
other, which indicates that the H of the dimples have already
cross-influenced with each other. In the four models, the average H
in each dimple’s boundary is almost the same value (10,500 A/m).

(a) | substrate

Nevertheless, the difference of r shows little effect on the H of the
dimple’s boundary.

3 Fabrication and Characterization of CoNiMnP Film
Arrays

316 stainless steel was chosen as substrate material. The geo-
metrical parameters of the film arrays on each specimen surface
are given in Table 1. Furthermore, the normal surface specimen
(No. 25) was also made of 316 stainless steel without any dimples
or coatings on the surface.

The preparation process mainly consists of three steps as shown
in Fig. 6, photolithographic (Fig. 6(a), 6(b), and 6(c)), electrolyti-
cal machining (Fig. 6(d)), and electrodeposition (Fig. 6(e)). The
specific fabrication process can be found in Ref. [15]. The surface
roughness Ra of the final specimen is about 70nm. The depth of
the dimples after electrolytical machining is about 45 um, and the
thickness of CoNiMnP film is 25 um. So the finial depth between
the film and substrate surface is about 20 um.

The SEM photo of the CoNiMnP film as well as its composite
is shown in Fig. 7, which illustrates that the film is compact and
smooth. There are some cracks in the film, which may partly
come from the inner stress in the film. In the energy spectrum,
Fig. 7(b), the elements of Co, Ni, Mn, and P could be found in the
film. The B-H hysteresis loop of the film is shown in Fig. 8 using

Photoresist

Y e 1= 1 A

CoNiMnP films

@FLPLPLFLF o (o) PPl

= (1) [ |

Fig. 6 Fabrication process: (a) polished substrate, (b) spin coat photoresist, (c)
photolithography, (d) electrolytic etching, (e) electrodepositing, and (f) photoresist

stripping and magnetizing
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Fig. 7 SEM photos and EDS of CoNiMnP films ((a) SEM image of CoNiMnP films

and (b) the EDS spectrum of the films)
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Fig. 8 B-H hysteresis loops of CoNiMnP films in the parallel
and perpendicular direction

the vibrating sample magnetometer (VSM) while the maximum of
H., and H.; are 959 Oe and 554 Oe respectively, which is close
to the value reported in Ref. [18].

After electrodepositing the CoNiMnP films in dimples, the
films were magnetized with permanent magnets. Figure 9 demon-
strates the photos of specimens (r=15%, d: 100 um, 200 um,
300 pum, 400 pm, 500 ym, and 700 um) before and after being cov-
ered with FF. Micro-bumps of FF could be found under the effect
of magnetic film arrays (see Fig. 9(b)).

4 Friction Testing

The friction tests were carried out using a pin-on-disk test rig,
shown in Fig. 10(a). The upper specimen is the 10 mm round flat
made of 316 stainless steel. Its surfaces were polished with abra-
sive paper and the final roughness Ra is the same as the lower
specimens. After being cleaned in alcohol, the upper specimen
was fixed on the upper ball-joint holder to realize automatic face-
to-face contact with the lower specimen. The lower specimens
(with CoNiMnP magnetic films) were fastened on the lower disk.
The upper and lower specimens can be seen in Fig. 10(b). The tes-
ter rotation speed comes at 5, 10, 15, 25, 50, 75, 100, 125, and
150 rpm and the corresponding linear sliding speed (v) was 0.006,
0.013, 0.019, 0.031, 0.063, 0.094, 0.126, 0.157, and 0.188 m/s. In
each testing group, the normal load was selected from 2, 5, 10 and
20N. Each test lasted 5min and the friction coefficient data
resulted from the average data of the last 1 min. The physical
properties of FF were displayed in Table 2. At each test the dos-
age of FF was controlled at 1 ml.

5 Results and Discussion

The lubrication properties of the magnetic surface specimen
(No.13: d=400 um, r=5%) and normal surface specimen (No.
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Fig.9 Optical photos of specimens with and without FF
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Table2 Physical parameters of FF

Density Viscosity Saturation magnetization
Lubricant (kg/m®) (mPa-s) (kA/m)
FF 1.09 x 10° 80 15.9

25) lubricated with FF are shown in Fig. 11. At lower v
(0.006-0.019 m/s), the friction coefficient of the magnetic surface
specimens at four loads is approximately 0.1, while the normal
surface specimen is much lower at about 0.02. With v increasing,
the friction coefficients of specimen No. 13 decreased to a mere
0.02 and then increased a bit to roughly 0.04 except under the
load of 2 N. Conversely, the friction coefficient of a normal sur-
face specimen increases with the increase of v all of the time. The
original friction curves of the magnetic surface and normal sur-
face at the load of 20N can be seen in Fig. 12. At a low v
(0.006 m/s) condition, the friction curve of a normal surface is
smoother than that of a magnetic surface, and the average friction
coefficients are 0.02 and 0.1, respectively. At higher v (0.188 m/
s), compared with normal surface, the friction curve of the mag-
netic surface always keeps smooth with a lower value, showing
superior lubrication.

For different dimensions (d and r) of the dimple, the friction
performance with FF would be diverse. The lubrication effects of
specimens with different d are shown in Fig. 13. At the four loads,
the friction coefficients of most magnetic surface specimens firstly
decrease as v increases and then increase gradually at higher v.
But the friction coefficient of normal surface specimens always

0.28
0, .
2024 r: 5%, d:400m = 2N
o -o-5N
‘o020 Load: | 4 10N
£
Do16f ~-20N
(3]
c o012}
=]
Boost
e
0.04}
0.00 . :
0.01 0.1
Sliding speed (m/s)
(a)
Fig. 11

surface specimen, (a) specimen No. 13 (d
specimen No. 25
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Fig. 12 Original friction curves of specimens No. 13 and
No. 25

increases with the increasing of v. At the speed of 0.188 m/s, all of
the friction coefficients of magnetic surface specimens are lower
than that of the normal surface specimen.

In Fig. 13(a), most friction coefficients of magnetic surface
specimens are greater than that of normal surface specimen at low
v. When v increases, the friction coefficients of magnetic surface
specimens first decrease and then increase with the increasing of
v. This is especially true for specimen No. 13 (d =400 um), where
the lowest friction coefficient is 0.02 and increases to 0.06 at
0.188 m/s, much lower than that of a normal surface specimen,

028 normal surface 2N
€ 024} o5 5N
2 Load:

S 020} -4 10N
5
9 o016t
o
c 012}
k]
B 008t
S
W 004}
0.00 s :
0.01 0.1
Sliding speed (m/s)

(b)

Friction coefficient versus v of magnetic surface specimen and normal

=400 um, r=5%) and (b) normal surface
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Fig. 13 Friction coefficient versus v of specimens with different d and normal surfaces under
different loads
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Fig. 14 Friction coefficient versus r under different experimental conditions
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which is 0.27. The same characters could be found in Figs. 13(b),
13(c), and 13(d). In Fig. 13(d), the friction coefficient of the mag-
netic surface specimens No. 1, No. 5, and No. 21 (d= 100 um,
200 um, and 700 ym) are much larger than that of normal surface
specimens when v is lower than 0.126 m/s, while the friction coef-
ficient of magnetic surface specimens No. 9, No. 13, and No. 17
(d =300 pm, 400 yum, and 500 ym) are lower than that of normal
surface specimen at higher speeds (v >0.031m/s). Thus, com-
pared with a normal surface, the film arrayed specimens with dim-
ple sizes of 400-500 um appear to have a apparent low friction at
high speeds.

As mentioned above, geometrical parameter 7 has little influ-
ence on surface H distribution, but there still existed the influences
on the lubrication properties (see Fig. 14). For the five specimens
(No. 13, 14, 15, 16, and 25), it can be seen that the specimens of
r=5%-10% show lower friction coefficients than others at the
experimental conditions. It could be deduced that arrays of the
film could not be too dense.

It is believed that the existence of CoNiMnP film arrays on the
surface have distinct influences on tribological performance when
lubricated with FF. With the external magnetic field, the viscosity
of FF would increase in low shearing rate [9]. As shown in Fig. 11
and Fig. 13, at lower v, the surface with CoNiMnP films did not
show advantages compared with the normal surface, which is
probably due to the increasing viscosity of FF. At higher v, since
normal surface has no magnetic attraction ability, FF could not be
located in the friction zone and much of FF escaped out of the
friction surface because of the centrifugal effect, which leads to
the increase of high friction. According to the friction coefficients,
it may be in the state of boundary lubrication. For the magnetic
specimen, the increased viscosity of FF under a magnetic field
shows a characteristic shear thinning at a high shearing rate [9],
and the friction coefficients decrease gradually with the increase
of speed. When the sliding speed increased continuously, the full
film lubrication could be formed and it was in the hydrodynamic
state, which is in some degree consistent with the Stribeck curve
[19].

The optimal r is between 5-10%, as can be seen in Fig. 14.
According to software analysis, r of the dimple has little effect on
the average H of the dimple’s boundary. But a higher » may lead
to an overlap of magnetic flux lines (see Fig. 5), which may also
indicate that r should not be too dense.

6 Conclusion

In this study, CoNiMnP films have been fabricated into arrayed
micro dimples with different dimensions on the surface of 316
stainless steel (nonmagnetic). The tribological performance of the
magnetic film arrayed surface and a normal surface were studied
when lubricated with FF. The main results are as follows:

(1) The magnetic arrayed surface shows the improvement in
friction reduction especially in the higher v conditions.

(2) The highest average value of H of the dimple’s boundary
appears at the diameter of 400-800 um. The preferable

Journal of Tribology

diameter to achieve the best friction performance is approx-
imate at 400-500 um.

(3) The area ratio (r) also influences the lubrication effect. The
area ratio between the 5%—10% performed the best friction
reduction during the tests.
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