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Abstract

In the present study, the magnetorheological fluid (MRF) samples are prepared using pure carbonyl iron particles (CIPs),
CIPs/Claytone APA/Molyvan 855 additive, and friction reducer dispersed in poly-alpha-olefin oil. The scanning electron
microscopy reveals that the Claytone additive morphology looks like a surface abundant in small folds, which connect the
gaps between the spherical pure CIPs and prevent sedimentation in the MRF. The magnetic saturation properties are inves-
tigated through the vibrating sample magnetometer. The pure CIPs MRF shows (M) value as 146.12 emu/g, and the CIPs/
Claytone APA/Molyvan indicates (M) as 55.12 emu/g. The magnetorheological flow curves, such as shear stress and viscosity
as a function of shear rate, are investigated for the MRF samples through the magnetorheometer. The sedimentation analysis
of the MREF is observed by visual inspection and shows that the CIPs/Claytone APA/Molyvan improved the sedimentation
rate than the pure CIPs MRF. Finally, the experimental characterization of the prototype monotube MR damper is carried
out using the hydraulic dynamic testing machine at 1.5 Hz frequency for damper peak—peak displacement length of +5 mm
at three intervals of 0 h, 24 h, and 72 h in damper to know the effect on damping force for the prepared MRF samples against
the sedimentation rate.

Keywords Carbonyl iron particles - Claytone APA - Sedimentation - Magnetorheology - Monotube MR damper - Magnetic
saturation - Damping force - Poly-alpha-olefin oil

1 Introduction

In recent years, magnetorheological (MR) dampers are
being widely investigated by researchers due to its supe-
rior features like fast response, low power consumption,
and force controllability [1]. The magnetorheological flu-
ids (MRF) suspensions generally consist of (20-40 vol%)
micron-sized soft magnetic responsive particles dispersed
in non-magnetic carrier fluids such as silicone, mineral,
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synthetic oils, glycol, etc [2]. The first invention of MRF
is credited to Rabinow [3]. In the absence of an external
magnetic field (off-state) in the MRF, the particles are dis-
persed arbitrarily and act like Newtonian fluid [4]. When
the MREF is subjected to the presence of an (on-state)
external magnetic field, the dispersed magnetic particles
get magnetized and build a column-like structure within
the MREF, resulting in rheological flow properties such as
off-state viscosity, yield stress, and elastic modulus [5, 6].
These controllable characteristics of MRF allow a series
of applications like dampers, brakes, clutches, valves, and
elastomeric mounts [7]. MR dampers are one of the prom-
ising new semi-active devices that contain MR fluid owing
to change in its rheological properties when exposed to a
magnetic field changing its damping force, which can be
readily controlled within milliseconds and provide bet-
ter ride comfort and stability than the active suspension
systems [8]. For many applications of the MR damper,
the most critical problem of the MRF is the sedimenta-
tion and caking [9]. A large density difference between a
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non-magnetic carrier medium and a dispersed magnetic
phase causes the sedimentation problem [10]. The most
commonly used magnetic particles in the MRF are still
in use, i.e., carbonyl iron powder (CIPs) due to its soft
magnetic properties, proper particle size availability,
low magnetic hysteresis, and high magnetic permeability
[11]. To avoid sedimentation problems in the MRF, sev-
eral methods have been reported such as polymer coating
materials like polystyrene [12], guar gum [13], polyaniline
[14], and polymethacrylate [15] on magnetic CI particles,
which are difficult and costly processes. As the polymer
coating thickness increases on the outer surface of the par-
ticles, the MR effect decreases and reduces the dynamic
yield stress during on-state rheology [16]. For this rea-
son, the addition of additives to MRF suspensions is an
effective method to reduce the sedimentation stability rate.
Adding various submicron-sized additives such as fumed
silica [17], graphene oxide [18], and carbon nanotubes
[19] was found to enhance the sedimentation attracted to
its high surface area and high aspect ratio. Additionally,
it was found from the previous studies that clay additives
such as attapulgite [20], sepiolite [21], organoclay [22],
and halloysite [23] in the MRF considerably improved
its dispersion stability. Based on MR damper force per-
formance against settling of CIPs in the MRF, Liu et al.
[24] reported that silica-coated MRFs improved its anti-
corrosion properties and the damping force characteristics
using the shear mode MR damper, which showed that the
response time of CI particles was more than the coated MR
fluid. Shah et al. [25] observed that plate-like iron particles
showed low sedimentation in the MRF and verified this
using small-sized MR damper for sedimentation test for
2 days. Most of the studies reported on MRF preparation
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with less focus on MR damper performance against the
settling of the MRF.

In present work, the effect on sedimentation stability,
magnetic saturation, and magnetorheological properties of
pure CIPs, CIPs/Claytone/Molyvan 855 additive, and fric-
tion reducer [26] MRF was examined. In addition, the MR
damping performance was investigated and compared at
three time intervals (O h, 24 h, and 72 h) without disturbance
of both the MRFs using a monotube MR damper.

2 Experimental
2.1 Materials used and chemical structures

Poly-alpha-olefin (PAO) oils are hydrogenated olefin oli-
gomers/synthetic hydrocarbon, which is synthesized by cata-
lytic polymerization of linear alpha-olefins. PAO fluid com-
monly called SpectraSyn poly-alpha-olefin fluid is purchased
from ExxonMobil Chemical Co., as a base fluid. Synthesis
involves mainly two steps: The first step is the synthesis of
a mixture of oligomers that are polymers of relatively low
molecular weight. Further, after the catalytic process, the
second step of the manufacturing involves hydrogenation of
unsaturated oligomers. The chemical structure is indicated
in Fig. 1a, which is a very uniform comb-like structure [27].
Various properties such as high viscosity index, lower pour
point, better thermal, and oxidation stability are superior
when compared with mineral-based oils. The commercially
available Molyvan 855 obtained is received from the Van-
derbilt Chemicals, LLC, as a free sample for our research
work. The Molyvan 855 is excellent oil-soluble molybde-
num; each component works as a friction modifier/frictional
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Fig. 1 Chemical structure of a poly-alpha-olefin oil (ExxonMobil Chemical Co.), b Molyvan 855 (R.T. Vanderbilt chemicals), ¢ Claytone APA
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reducer with better anti-wear and anti-oxidant properties that
do not contain sulfur or phosphorus elements, used in lubri-
cants [28, 29]. Figure 1b shows the chemical structure of
Molyvan 855, having four components, and the MO group
is responsible for the adequate friction-reducing agent. BYK
Additives and Instruments provided the free sample of Clay-
tone APA for our present work, and the chemical structure is
shown in Fig. 1c. Claytone APA is a modified montmorillon-
ite used as a rheology modifier additive generating excellent
properties such as soft sediment and anti-settling agents. The
recommended application of this clay is in paints, inks, and
adhesives. Claytone APA is self-activating and readily dis-
persible for low to high polarity systems including alcohols,
esters, and glycols [30].

2.2 MRFs preparation

Carbonyl iron particles (CIPs) with d50 average particle size
ranging from 6 to 7 pm (CS grade) used as soft magnetic
(99.5% Fe) dispersed phase particle were purchased from
BASF Corp., and the poly-alpha-olefin (PAO) oil with a kin-
ematic viscosity of v=17.2 mm?s at 40 °C with a specific
gravity (S. G=0.818) is the carrier medium for the MRFs. For
preparing the MRFs, 70 wt% CIPs composition was added to
both the samples. Moreover, 1 wt% Claytone APA was used

Table 1 Composition and constituents used in MRFs

as an additive to improve the sedimentation in the MRFs and
1 wt% Molyvan 855 friction reducer agent. These MRF con-
stituents were completely homogenized using a mechanical
stirrer at 1000 rpm for 4 h. Table 1 shows the composition and
samples of pure CIPs and CIPs/Claytone APA MRFs.

2.3 Fabrication of MR damper

Figure 2 shows a monotube MR damper of shear mode type
without accumulator damper, which was fabricated to test
against sedimentation of MRFs for low force applications.
Figure 2a shows the schematic view of the proposed MR coil
piston, and Fig. 2b indicates the 3D model view of the MR
damper with copper coil winding, MREF, seals, housing cyl-
inder, bearing, and piston rod. As the piston of the MR valve
moves, the MRFs flow from the top to the bottom reservoir
through the annular flow gap between the MR piston and the
inner cylinder of the MR damper. Figure 3c shows the fabri-
cated MR damper to know the damping performance of the
prepared MRFs. To calculate the number of coils turns for the
MR piston [31], Kirchhoft’s law was applied, which can be
given by Eq. (1):

J=NcI/A (n

where N is the number of coils turns in the electromagnetic
coil,/ is the applied current in DC, A is the area of the coil
in m?, and J is the current density in A/m?. The number of
turns was 278. All the dimensions and symbols of the MR

CIPs (Wt%) PAO oil (wt%) Claytone  Moly- A . .
APA van 855 damper are given in Table 1. Then, the approximate total
(Wt%) (Wt%) damping force of the MR damper can be evaluated using the
Pure CIPs MRE 70 20 N N parallel-plate Bingham model, which is equal to the summa-
ure LIS one one tion of the controllable F, Eq. (3), frictional force F;, and
CIPs/Claytone 70 28 1 1
MRF
Fig.2 Proposed MR damper
a schematic drawing of MR MR fluid ~ Electromagnetic coil
piston, b 3D model view, and ¢ (a) Magnetic flux lines
fabricated MR damper [ ! Z Piston rod
= 2|’ A 7
z4&° S
' = -L_1< L, |_ Ll_
(b)
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Fig.3 a Magnetorheometer schematic, b MRFs sample without magnetic field strength (H=0), and ¢ with the presence of magnetic field

strength (H>0)

uncontrollable damping force Eq. (3). The total force in the
MR damper F is given by Eq. (2) [32, 33]:

F=F +F+F, )
12 73LA
F.=(207+ Qn 0 sen(vy) | 3)
120n + 0.3wyh?1, h
F =1+
(52 (5 ®
The damping dynamic range D is given by Eq. (3):
D= F. Damper controllable force _F,
~ F,. uncontrollably force + friction force ~ F, + F;’

&)
where £ is the annular gap size, w, is the mean circumfer-
ence of the damper, 7; is the field-dependent yield stress, 7
represents the viscosity of the MREF, v is the piston head
velocity, Q represents the volume flow rate Q = A v, L rep-
resents the effective axial pole length, and L, is the total axial
pole length.

2.4 Characterization

The morphology of the CIPs, raw Claytone APA, and CIPs/
Claytone APA mixture was investigated via the scanning
electron microscopy (SEM) (JEOL JSM-6380LA). The ele-
mental composition of the pure CIPs was analyzed through
the energy-dispersive spectroscopy (EDS). The magnetic
saturation of CIPs in both types of MRF was measured using
the vibrating sample magnetometer (VSM, Lakeshore, USA,
Model 7407) at 300 K. The properties of the MRFs were
measured using the twin drive magnetorheometer (MCR
701, TwinDrive Anton Paar, India) that produces magnetic
field in the range of 0-255 kA/m integrated with an MRD
cell-180 and a parallel-plate measuring system with a gap of
1 mm and diameter of 20 mm at 27 °C. The sedimentation
ratio analysis of the CIPs and CIPs/Claytone APA-based
MRFs was inspected visually. Figure 3 shows the physical
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changes in the MRF sample in off-state and on-state, which
were studied visually in the magnetorheometer. Figure 3a
shows the schematic representation of the magnetorheom-
eter, which consists of a rotor shaft, yoke, and the MRF sam-
ple. The MRF behaves like a normal fluid without magnetic
field strength (H=0), as shown in Fig. 3b. With the applica-
tion of magnetic field strength (H > 0), the MRF appears like
a robustly built column or shows fibril-like structures [34]
as seen in Fig. 3c.

2.5 Damper test setup

The experimental setup of the dynamic testing machine
(GEOTRAN) consists of a load cell, LVDT, DAQ, and sig-
nal generator, as indicated in Fig. 4a, and its schematic rep-
resentation is shown in Fig. 4b. The frequencies, peak—peak
displacement, and sedimentation testing of the MRF in the
MR damper were set at 1.5 Hz of 5 mm at 0 h, 24 h, and
72 h. The applied current was changed from 0 to 0.4 A. The
saturation of the applied current to the MR piston coil was
limited to 0.4 A. Table 2 lists the MRF fluids tested for O h,
24 h, and 72 h without disturbing the incorporated MRF in
MR damper (Table 3).

3 Results and discussion
3.1 SEM and EDS analysis

Figure 5a represents the morphology of the CIPs, which pos-
sess smooth surfaces and are spherical in shape. The energy-
dispersive spectroscopy of the pure CIPs shows that it has Fe
(99.02%) and O (0.11 wt%) with strong intensities. Figure 4b
confirms that the CIPs are soft magnetic. Figure 5c shows
the raw Claytone APA with an agglomerated structure with
a surface abundant in folds. Figure 5d shows that the Clay-
tone APA occupies the interspaces between the CIPs or is
attached to the CIPs, which reduces the sedimentation rate
of the Claytone APA-based MRFs [35].
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Fig.4 a Experimental setup for MR damper and b schematic representation of the dynamic testing machine (DTM)

Table 2 Geometric dimensions of the MR damper

Parameters Dimen-
sions in
mm

Outer cylinder diameter (D) 42

Inside cylinder diameter (D,) 41

Length of the piston (2L, +L,) 40

The diameter of the MR piston (D) 40

Length of the coil (L,) 20

Annular flow channel gap (h) 1

The diameter of the piston rod Dy) 12

3.2 VSM analysis
3.2.1 Measurement details

Using VSM, the magnetic saturation properties (M—H)
curve is measured at room temperature with a stand-
ard commercially available liquid sample holder (i.e.,
No-730935 Kel-F®) from (Lakeshore, USA, Model 7407).
Figure 6a, b shows a schematic representation of VSM
measurements and dimensions of the liquid holder. The
MR fluid is poured inside the holder in such a way by
minimizing the small air bubbles and completely filling
into the bottom cup to avoid the slushing of the liquid due
to sample vibration. Then, the MRF sample is positioned
with a plastic straw in the horizontal X-Y and vertical
Z-axis planes, and the sample is vibrated vertically about

the center point of the coil. The voltage is induced across
the pickup coil, which is proportional to the magnetic
moment of the MR fluid material [36].

3.2.2 Hysteresis curve analysis

Figure 7 shows the magnetization versus applied magnetic
field (M vs. H) curve of the CIPs and CIPs/Claytone APA-
based MRFs, which were measured using the vibrating
sample magnetometer in the applied magnetic field vary-
ing from — 15,000 to 15,000 (Oe) at room temperature. The
magnetic saturation () of the pure CIPs MRF was found
to be 146.53 emu/g higher than that of CIPs/Claytone APA
(55 emu/g). The M versus H curves indicate a big difference
in saturation magnetization because the presence of Clay-
tone APA additive will possess weak MR effect performance
and reduce the saturation magnetization compared with pure
CIPs-based MRF [37]. In case of additives added based on
MRFs, 1 wt% of Claytone APA and 1 wt% Molyvan 855
additive are added while preparing MRFs suspension. On
the other hand, these magnetic saturation differences are
related to differences in the densities of magnetic CIPs in the
samples. The density of CIPs in the liquid samples is smaller
than that for the bare CIPs because they are dispersed in a
liquid suspension. In other words, the actual mass of CIPs in
the liquid samples is smaller than (CIPs 4+ PAO + Claytone
APA), so the calculated saturation magnetizations (emu/g)
are reduced. Table 4 shows the properties of both the MRF
samples by VSM analysis.

Table 3 MREF tested for 3 days

. ' ; MREF type Amplitude Displacement varia-  Sedimentation (h) Current (A)
without disturbing the MR (Hz) tion (mm)
damper
CIPs MRF 1.5 0-5 0, 24 and 72 0 and 0.4
CIPs/Claytone MRF 1.5 0-5 0, 24 and 72 0 and 0.4
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Fig.5 SEM morphology of a pure CIPs, b EDS analysis, ¢ pristine Claytone APA, and d CIPs/Claytone APA mixture
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3.3 Rheology analysis

Figure 8a represents shear stress versus shear rate rang-
ing from 0.01 to 500 (1/s) on log-log scale for pure
CIPs (closed symbols) and CIPs/Claytone APA (open
symbols)-based MRFs subjected to different magnetic
field strengths (0-255 kA/m) measured by a rotational
twin drive MCR-701 rheometer. It was found that at zero
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(0 kA/m) magnetic field strength, the shear stress of the
CIPs and CIPs/Claytone APA MRFs exhibited a nonlin-
ear relationship increasing the shear rate, which exhibits
a typical non-Newtonian fluid behavior; it might be due
to the high particle concentration and residual magneti-
zation of CIPs [38, 39]. With increasing magnetic field
strength, the shear stress of the pure CIPs and CIPs/Clay-
tone APA MREF also increased. Figure 8a indicates that at
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Fig.7 Hysteresis loop from the VSM measurements a bare CIPs,
CIPs+PAO oil, and CIPs+PAO+Claytone APA +Molyvan 855-

based MRFs

Table 4 Magnetic properties of the prepared MR fluid samples

Parameters CIPs-based MRF CIPs/Clay-
tone APA
MRF
Coercivity (emu/g) 386.46 351.14
Magnetic saturation (emu/g) 146.12 55.24
Maximum field (Oe) 15,000 15,000
Retentivity (emu/g) 0.10795 0.001417

(255 kA/m) magnetic field strength, the shear stress values
were about 15,100 Pa and 10,200 Pa for pure CIPs and
CIPs/Claytone APA MRF samples at a maximum shear
rate of 500 (1/s71), respectively. Both the MRF samples
represented typical Bingham plastic model fluid behavior
when the magnetic field strength was applied as given by
Eq. (6). This is due to the formation of a robust column
particle structure because of the dipole—dipole interaction
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?ﬁz onowwwn -

10°4 T T T

10" 10° 10' 107

Shear rate, ¥ [1/sec]

between the adjacent magnetic particles under the applica-
tion of the magnetic field [40]:

r=07=x7, ©)
where 7, represents the dynamic yield stress y given by
shear rate, 7 represents the shear stress, and my is the plastic
viscosity.

Figure 8b clearly shows that the viscosity of the pure
CIP MRFs is slightly lower than that of the CI/Claytone
APA MRF at zero magnetic field strength. The viscosity
decreases due to the change in the internal structure under
shear deformation. It is due to the shear-thinning behavior
effect for both the MRF samples. When the magnetic field is
further increased, the free rotation of the magnetic particles
is restricted, which increases the shear viscosity of the MRF
samples to form a robust chain-like structure [41].

The relationship between the field-dependent dynamic
yield stress and the strength of the magnetic field was fitted
by the third-order polynomial equation and is depicted in
Fig. 9a. A polynomial equation is extracted from this graph
to evaluate the yield stress for any arbitrary value of mag-
netic flux strength between 0 and 255 kA/m. Equation (7) is
obtained from the least square curve fitting method, wherein
the third-order model provided accurate values with the adj-
R? values fit method [42, 43]. Particularly at zero magnetic
field strength, the yield stress values are positive values and
are observed in Table 5

T=T,+ 107, T2T,

v, =a+bH + cH” + dH’ 7
where 7 is the field-dependent yield stress (Pa), H is the
magnetic field strength in kA/m, and a, b, ¢, and d are the
fit constants.

A time-dependent field-induced shear stress measure-
ment was performed for pure CIPs and CIPs/Claytone
APA MRF as shown in Fig. 9b: Region I for off-state,

(b) 10°4 CIPs CIPs/claytone MRF
] % L] O 0 kA/m
10 o‘g‘ g;‘g 0 63.75kA/m
— °9 A‘gj;\b A A 1275kA/m
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=W °5a g§
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= 1 o %9 \g 5
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wn
o ]00_ a
2 - 0-o0.pg
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<

Fig. 8 a Shear stress versus shear rate and b viscosity versus shear rate for pure CIPs (closed symbols) and CIPs/Claytone APA (open symbols)-

based MRFs under various magnetic field strengths
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Fig.9 a Dynamic yield stress (z,) as a function of magnetic field
strength (H), and b shear stress versus time at a constant shear rate
7 =100 s~'. The MRF of shear stress versus time measures in three

Table5 Optimal parameters of CIPs and CIPs/Claytone APA MRF-
based suspensions by polynomial fitting

Sample name a b c d Adj-R?
CIPs MRF 37.388 60.128 0.03793 —1.74162x10~* 0.99
CIPs/Clay- 199.108 35.48 0.06656 —2.19589x10™* 0.99
tone APA

MRF

Region II for on-state, and Region III for off-state. From
interval-I/Region I, it can be clearly observed that the
magnetic field is in off-state condition, and the exhib-
ited value of the pure CIPs MRF shear stress was found
lower than that of CIPs/Claytone APA MRF. In Region
II, the magnetic field present is on-state condition, i.e.,
127.5 kA/m, and the value of the pure CIPs shear stress
was higher than that of CIPs/Claytone APA MRFs, and
also the shear stress increases rapidly due to the polari-
zation force of the dipole—dipole interaction of the mag-
netic particles, which build robust column structures for
both the MRFs. It can be seen from the Region III after
the magnetic field is removed in the interval range of
400-600 s since the time scale of data acquisition is much
faster than relaxation time after magnetic field is turned
off; we observe an immediate decline in shear stress curve
of CIPs MRFs, quite high sinusoidal in nature than the
CIPs/Claytone APA MRFs. The decrease in shear stress
with time is thought to be related to the effect of remanent
magnetization ability to retain some amount of magneti-
zation when the magnetic field is at the off condition. In
contrast, column structures formed have not been broken,
or the new aggregates have been re-arranged, which indi-
cates the presence of large CIPs in the MR fluid. Similar
observations have been reported by other workers [44—48].

@ Springer

different regions. Region I: off-state, H=0 up to 0-200 s, Region II:
on-state H=127.5 kA/m from 200 to 400 s, and Region III: off-state
H=0 from 400 to 600 s

This phenomenon also demonstrates in the inset figure the
reversible transformation of microstructure formation of
MRFs at off/on/off regions.

3.4 Sedimentation analysis

Figure 10a shows the sedimentation rate property of the
two types of MR fluids inspected visually. Both the pre-
pared MRFs were poured into a 10-ml cylinder, as seen in
Fig. 10b, which shows the complete settlement of the MRFs
in 7 days. The CIPs MREF settled down rapidly during the
initial period and finally reached a stable value of 60.5%.
Subsequently, the sedimentation ratio of the CI/Claytone
APA MRF became slow due to the presence of additives and
the friction reducer, which in turn slowed down the settling
velocity of the CIPs, and the sedimentation ratio gradually
reached a stable value at 82%. On the other hand, the CI/
Claytone APA MRF demonstrated better sedimentation ratio
than the pure CIPs MRF until 168 h. To find the sedimenta-
tion ratio, the equation commonly applied for MRFs is given
by Eq. (8) [49]:

R% = (A/A + B) * 100) ¢))

where R represents the sedimentation ratio, b is the height
of the sedimentation MRF, and (A + B) represents the total
height of the MRF.

3.5 MR damper performance of CIPs filled MRF

Figure 11 shows the damping force phenomenon of the CIPs-
filled MREF for the first time with a peak—peak displacement
of 5 mm and a frequency of 1.5 Hz. Figure 11a indicates
that on the first day, the MR damper performance showed
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off-state conditions, and the rebound and compression phase
values of the damping force properties were +104.48 N and
—114.16 N, respectively. At on-state conditions at 0.4 A,
the rebound and compression damping forces increased
to +133.64 N and — 144.59 N, respectively. Figure 11b
shows that after 24 h, the CIPs MRF sedimentation in the

MR damper performance showed off-state (the absence of
magnetic field /=0 A) conditions, and the rebound and com-
pression values of the damping force were +89.37 N and
—102.12 N, respectively. At on-state (the presence of mag-
netic field /=0.4 A) condition, the rebound and compression
damping forces increased to +117.59 N and — 132.34 N,
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respectively. From Fig. 11c, it was found that after 72 h, the
CIPs MRF sedimentation in the MR damper performance
showed off-state conditions, and the rebound and compres-
sion damping force values were +72.25 N and —87.92 N,
respectively. At on-state condition of 0.4 A, the rebound and
compression damping forces increased to +107.43 N and
—111.18 N, respectively. These results suggest that variation
in damping force, as listed in Table 6, is quite higher than
the reported values when the applied current increases from
0to 0.4 A [50].

It should be noted that the rebound and compression
damping force reduces largely as the number of sedimenta-
tion days increases in the CIPs-filled MRF. The energy dissi-
pation (E,) values can be calculated using the area enclosed
under force versus displacement each curve and dissipate
more energy as applied current increases [51], as shown in
Fig. 11d, and equivalent damping coefficient (C,) is given
by Eqgs. (9) and (10) [52]. In addition, the energy dissipa-
tion decreases as the time period of the MRFs in the damper
increases due to the effect of the gravitational settling of the
CIPs in the MRFs:

E;= /f(t)du 9)
e = ﬁ (10)

where A represents the amplitude in m, fis the frequency
(Hz), and F is the damping force (N).

3.6 MR damper performance of CIPs/Claytone
APA-filled MRF

Figure 12 shows the damping force phenomenon of the dis-
placement loop behavior properties of the CIPs/Claytone
APA MREF for the first time by filling in a damper with
peak—peak displacement amplitude of 5 mm and frequency
of 1.5 Hz. Figure 12a indicates that on the first day, the MRF
damper performance showed off-state conditions (0 A), and
the rebound and compression damping force values were
+97.22 N and — 134.76 N, respectively. At an on-state con-
ditions (0.4 A), the rebound and compression phase damping

forces increased to + 116.88 N and — 144.59 N, respectively.
Figure 12b shows that after 24 h, the MRF sedimentation in
the MR damper performance showed off-state conditions,
and the rebound and compression values of the damping
force were +94.21 N and —99.26 N, respectively. At on-state
condition of 0.4 A, the rebound and compression damping
forces increased to + 108.55 N and — 115.12 N, respectively.
Figure 12c indicates that after 72 h, the MRF sedimentation
in the MR damper performance showed off-state conditions,
and the rebound and compression values of the damping
force were +80.57 N and —82.61 N, respectively. At on-
state condition of 0.4 A, the rebound and compression damp-
ing forces increased to +88.90 N and —94.74 N, respec-
tively. Figure 12d indicates that the energy dissipation bar
graph can be calculated using Eqgs. (7) and (8). The CIPs/
Claytone APA-based MRF in the damper energy dissipates
less damping force, slightly lower as the number of sedi-
mentation days increases than the CIPs-based MRF damper.
Table 7 indicates that the damping force of rebound and the
compression strokes of the CIPs/Claytone APA MRF-based
damper at different sedimentation against time intervals is
higher than the reported values [53].

4 Conclusions

In summary, the base magnetic CIPs with 70 wt% of solid
loading along with plain PAO oil and CIPs/Claytone APA/
Molyvan 855 as an additive, friction reducer was adjusted in
PAO oil-based MRF was prepared to prevent the sedimenta-
tion problems. The dynamic yield stress and the shear stress
of the CIPs/Claytone APA MRF were lower than those of
the CIPs MRF. In addition, SEM confirmed that the surface
of the CIPs connected well with Claytone APA, confirm-
ing improved sedimentation. The magnetic properties of the
CIPs MRF showed higher saturation magnetization com-
pared with the CIP/Claytone APA MREF. The fabricated MR
damper against 72-h sedimentation testing of CIPs/Claytone
MREF produced higher compression (F,,) and rebound (F.,)
damping force than those of pure CIPs MRF at off-state (i.e.,
0 A) condition, and also slightly lower compression (F,,)
and rebound (F.) damping force than CIPs MREF at on-state
(i.e., 0.4 A) condition.

Table 6 Damping characteristics of MR damper CIPs-based MRF for different settling times

Rebound damping force  Compression damping

Rebound damping force

Compression damping force Frequency range Sedimenta-

(0 A) F, (N) force (0 A) Fg, (N) (0.4 A) Fp (N) (0.4 A) Fey (N) (Hz) tion time
(h)

104.48 114.16 133.64 144.39 1.5 0

89.37 102.12 117.59 132.34 15 24

72.25 77.92 107.43 111.18 15 72
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Table 7 Damping characteristics of MR damper CIPs/Claytone APA MRF-based MR fluids for different settling times

tation test days

Rebound damping force Compression damping Rebound Damping force ~ Compression Damping Frequency Sedimenta-

(0 A) Fge (N) force (0 A) F, (N) (0.4 A) Fre (N) force (0.4 A) F, (N) Range (Hz) tion Time
(h)

97.22 134.76 116.88 144.29 1.5 0

94.21 99.26 108.55 115.12 1.5 24

80.57 82.61 88.90 94.74 1.5 72
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