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ARTICLE INFO ABSTRACT

Handling editor. P.Y. Chen The incorporation of micro- and nanosized additives offers a significant potential solution to improve the viscous
behavior which can minimize energy consumption and surpass pumpability demonstrated by magneto-
rheological grease (MRG). The role of the additives utilized, on the other hand, has piqued the interest of re-
searchers. Therefore, cobalt-ferrite (CoFe;04) in micro- (M) and nanosized (N) as an additive incorporated in this
study to reduce the initial off-state viscosity and simultaneously maintain the resultant shear and yield stress of
MRG during on-state conditions. To analyze the viscous behavior effect of MRG types, the samples underwent
rheological tests in different parameters. Then, MRG was dried to elucidate the morphological changes. The
results showed that micro-sized additives recorded the lowest off-state viscosity with 43.2 % of reduction, fol-
lowed by nano-CoFe;O4 (26 %) and pure grease. It is due to M has shortened and disentangled the fibrous
structures of grease thickener whilst N has filled in the voids among the thickener which contributed to the
discharged of base oil thus reduced the viscosity of MRGs. Meanwhile, at on-state conditions, M1 and N1
exhibited enhanced performances of yield and shear stress as compared to pure MRG, O attributed to the
improved magnetic attraction among particles in the grease medium. These findings are beneficial for MRG to be
employed in MR devices for various purposes.
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1. Introduction

Magnetorheological (MR) grease, which is composite grease
embedded with magnetic particles, particularly carbonyl iron particles
(CIP) has piqued the interest of many scholars due to its promising and
tremendous properties over the last decade [1-7]. The semi-solid state
and thixotropic properties exhibited by the grease has significantly
encountered the sedimentation and leakage issues that occurred in
fluid-type MR materials [8,9]. When an external magnetic field is
induced to this magnetic composite, the magnetic dipoles of magnetic
particles would tend to align along with the direction of magnetic fields
resulting in the formation of particles’ chain-liked structure in the
grease. The change in the structure has improved the viscous behavior of
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the MRG including shear stress and yield stress, which then denoted to
the stability and strength of the material [10,11]. Therefore, MR grease
has the potential to be used in advance devices, particularly semi-active
brakes [12-14], clutches [15,16] and dampers [17,18]. Commonly,
high-speed devices require MR grease with high viscosity during the
operation (on-state condition) to generate high yield stress and, main-
tain its chain-like structure under high stress with presence of magnetic
fields. However, in the absence of applied magnetic field, which corre-
sponds to the off-state condition of MR grease, a high viscosity that
exhibited by the fibrous structure of grease has drawbacks, especially
during the initial-state of operation which indirectly causes pumpability
suffers and necessitates more power consumption for the devices to
begin operating [14,19]. Therefore, finding a solution to reduce the
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off-state viscosity of MRG, while maintaining its high yield stress during
the operation is needed. A liquid-type of additive has been introduced by
many researchers to overcome the issue of high off-state viscosity of MR
grease including kerosene [13,20,21], silicone oil [22] and castor oil
[20]. These liquid additives work as a lubricant in the medium, where
the oil would fill-up the spaces between thickening agents and breaks up
the three-dimensional (3D) structure of grease [23]. Even though by
adding liquid additive can lower the initial viscosity of grease, however,
the yield stress of MR grease has also been affected due to the slipping
effect that occurs between the particles under the shear stress [13].
Alternatively, solid additives have been introduced to achieve the
improvement target.

As for now, a few types of solid additives have been successfully
utilized and improved the viscous behavior of MR grease including
chromium oxide (CrO3) [24], molybdenum disulphide (MoS,) [25],
graphite (Gr) [26] and cobalt ferrite (CoFe304) [19,27]. A study [24]
showed that introducing nano-CrO, into the MRG has significantly
improved the stability and enhanced the yield stress of the material up to
95 % as the magnetic field was applied, in which the additive has been
worked as a stabilizer in the grease medium. This study however mainly
focused to enhance the yield stress of the material at the on-state con-
dition. Meanwhile, Mohamad et al. [28] has utilized the nanoparticles
which was maghemite, y-Fe,Os3 that resulted a remarkable effect on the
reduction the off-state viscosity of MRG to ~800 Pa s as compared to
~10000 Pa s in MRG without y-Fe203. In fact, when the magnetic field
was applied, the presence of nanoparticles during the alignment of
magnetic particles has filled-up the empty spaces between the micro-size
of CIP, resulting in the increased of the viscosity of MRG. Nevertheless,
the extent to which the effect of yield stress of MRG with y-FeOs,
particularly at the on-state condition was still undebated. In fact, the
used of y-Fey03 as additive in the MRG might not result in the maximum
effect as the additive has primarily possessed antiferromagnetic
behavior which would deteriorate the resultant magnetic responsiveness
of MRG towards the applied magnetic field [29,30].

Despite the fact that the nano-sized additives have been successfully
enhanced the properties of MRG, however, in liquid-medium like MRF,
few studies [31-35] stated that the presence of bigger size of solid ad-
ditives, particularly up to micro-size particles have promoted better ef-
fects toward the viscosity enhancement and simultaneously improved
the sedimentation stability of the material. For instance, Molazemi et al.
[32] employed different sizes of CoFe;04 particles from 60 nm to 0.55 p
m in the MRF and discovered that the strength of the material has been
increased with larger size of the CoFeO4. In fact, the larger size of ad-
ditives could improve the shear stress of MRF up to 20 %, particularly at
the on-state condition due to greater magnetic interactions and
cross-linking network generated among the particles [33,35]. On the
other hand, a research [19] has been carried out by introducing the
micro-sized of CoFe;04 particles in order to reduce the off-state viscosity
of MRG. The result showed that the off-state viscosity has been reduced
by 86 % as compared to the MRG without CoFe3O4. In fact, the study
also emphasized the improvement in shear stress and yield stress of MRG
with the micro-particles of CoFe;04, about 36 % increment. All these
studies somehow provide ambiguous information on which sizes; either
micro- or nanoparticles additives could proffer more effectiveness to-
wards the property’s modification of MRG, particularly on the off-state
viscosity reduction and on-state yield stress enhancement.

The studies of additives thus far have been discovered to influence
the rheological performance of MRG however, the knowledge about the
role of the additive sizes in altering the structural of MRG that pre-
dominantly contribute to the change in corresponding properties is
considerably limited. Therefore, the aim of this present work is to
investigate the significant changes in viscous behavior of MRG as well as
the shear and yield stress that contained two different sizes of solid
additive. For this purpose, CoFe;04 has been chosen due to promising
advantages such as strong anisotropy, good chemical stability and high
mechanical strength [36-39] that is expected to provide most effective
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approach towards the desired properties of MRG composite. The syn-
thesized CoFe;04 has been sintered at different temperatures to obtain
respective different sizes of micro- and nano-particles. Then, MRG
samples were prepared with 1 wt % of micro- and nanoparticles of
CoFey04 separately, and the findings has been compared with the pure
MRG without CoFe;04 and also the previous works. All prepared sam-
ples were examined in terms of rheological properties respective to
viscosity, shear stress and yield stress, and the correlation between
different sizes of CoFey0O4 particles towards the rheological and struc-
tural changes in MRG further intensified.

2. Materials and methodology
2.1. Synthesize and characterizations of CoFe204 particles

The co-precipitation method [27,40-42] was used to synthesize the
CoFey04 particles. In this method, 1.0 mol of iron nitrate (Fe(NO3)3 9
H50 and 0.5 mol of cobalt acetate (Co(CH3COO e 4H,0) that were
purchased from Merck, Spain were mixed with 1.0 mol of distilled
water. Then, the mixture was stirred with a magnetic stirrer hot plate at
100 °C for 2 h. Afterward, a few drops of sodium hydroxide, NaOH that
acted as an extracting agent were added into the mixture until black
precipitates were obtained. The mixture was then left in the room
temperature until the formation of bilayers between the precipitated at
bottom and wastewater on top was observed. Next, the liquid was
poured out and the precipitated was washed few times until the desired
pH of 13 was achieved since high alkalinity would result in high mag-
netic saturation [43,44]. After the desired pH was obtained, the pre-
cipitates were then be filtered and washed with acetone to remove
impurities. The precipitates were dried in a furnace at 200 °C for 24 h in
order to remove the moisture contained [45]. As a result, a form of black
powder, CoFep04 was collected. The CoFepO4 was then grounded with
mortar and pestle to gain finer powder. The fined powder was further
divided into two portions that underwent sintering process at the tem-
perature of 1000 °C and 500 °C, respectively for 8 h, to obtain different
sizes of micro- and nano-particles of CoFe;O4. Then, the micro-particles
of CoFe;04 were denoted as M, while the nanoparticles were denoted as
N. The process is summarized in Fig. 1.

In order to determine the morphology of the synthesized CoFesO4
particles, field emission scanning electron microscope (FESEM, Hitachi
SU8020, Japan) with 5 kV of power supply were used. On the other
hand, the elemental composition of particles was analyzed by using an
X-Ray diffraction, XRD (Empyream, Pan Analytical) with the set scan of
Cu K, where k is the source radiation at 0.154 nm. The scan was done
within the Brag’s angle range of 20  to 80". Meanwhile, the magnetic
properties of the particles were examined in terms of the magnetization
(M), coercivity (H.) and retentivity (M) via vibrating sample magne-
tometer, VSM from Lakeshore 7404 Series, USA. The applied magnetic
fields were ranging from —14k to 14 kA/m and the test was done at room
temperature.

2.2. Fabrication and characterizations of MRG

Prior to the fabrication of MRG composite, 30 wt % of grease was
stirred for 5 min to loosen the internal structure of the based grease
using a mechanical stirrer at 300 rpm. Afterward, 70 wt % of carbonyl
iron particles, CIP was added into the stirred grease and the mixture was
continuously stirred for 2 h to ensure the homogenous distribution of
CIPs in the grease [8,46]. The mixture was denoted as MRG and was
labeled as O. Meanwhile, for the MRG with 1 wt % of CoFe;O4 as an
additive, particularly for each micro- and nano-sized particles, 29 wt %
of grease would be used while the 70 wt % of CIP was maintained. The
mixture was then stirred continuously for 2 h at 300 rpm. The samples
were denoted as M1 and N1 which indicated the MRG with 1 wt % of
micro-sized CoFe,O4 and MRG with 1 wt % of nano-sized CoFe;QOy,
respectively. The summary of all samples including the fabricated
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Fig. 1. Summary of synthetization of CoFe;O4 particles.

Table 1
Summary of synthesized CoFe,0, particles and samples of MRG.

Sample’s name Description

M Micro-sized of CoFe;04 particles

N Nano-sized of CoFe,04 particles

o MRG

M1 MRG +1 wt % of micro-sized CoFe;O4
N1 MRG +1 wt % of nano-sized CoFe;04

CoFey04 particles was tabulated in Table 1.

The samples were then characterized in terms of rheological prop-
erties correspond to various parameters. Rheometer, model MCR 302
from Anton Parr, Grazz, Austria was used to test the viscous behaviour of
MRG samples under rotational mode, and with induced of different
currents respective to different magnetic fields. Parallel plates (PP) of
the rheometer’s sample stage that having a diameter of 20 mm were
used and the gap between the parallel plates was kept constant at 1 mm.
During the test, the shear rate was applied within the range of 0.01-100
s~ under various magnetic fields and the test was carried out at room
temperature of 25 °C. The shear and yield stress as part of the viscous
behaviour of MRG samples would also be extracted from the viscosity
data analysis.

On the other hand, heat-related characteristics of MRG incorporated
with nano- (N1) and micro-sized of CoFe304 (M1) were investigated via
differential scanning calorimetry (DSC) concerning the phase transitions
that occurred in the samples, respective to the elevated temperatures.
Prior to the test, a DSC-60 instrument procured from the Shimadzu
Corporation (Japan) was utilized and the measurement was conducted
in a nitrogen gas atmosphere, with the flow rate of 300 ml/min. MRG
samples (O, M1 and N1), about of 20 mg each was placed in an
aluminum pan, individually and then be subjected to the heating envi-
ronment from 25 to 400 °C, with the heating rate of 10 °C/min. Phase
changes observed in the samples were then be analyzed.

Nevertheless, with the aim to observe the morphological character-
istics of MRG samples, especially with N and M particles, the samples
were smeared on the glass slide and immersed in n-hexane solution to
extract the base oil from the grease. Then, the samples were left to dry at
room temperature for 24 h. A thin layer that formed on the glass slide
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was scoped and put onto the sample holder before being coated with
gold-coater for 2 min. Then, the dried-MRG structure was analyzed by
using field emission scanning electron microscopy (FESEM), model
ZEISS from Merlin, Germany. Meanwhile, the cross-section width of the
thickeners was measured by using ImageJ software analysis.

In addition, Raman spectra analysis for all MRG samples were con-
ducted to investigate the chemical structure and molecular interactions
of chemical bonds that changed within the sample respective to N and M
particles added. The characterization was carried out by using Micro-
Confocal Raman Spectrometry that equipped with Nikon eclipse Ci-
type, from Tokyo, Japan. This testing was employed with a green laser
(NRS 1500W) that supplied a wavelength of 532.04 nm, which cover a
Raman shift range from 100 cm ! to 1800 cm L. Then, the acquired
spectra was analyzed by using uSoft software to determine the changed
of peaks correspond to the changed of chemical bonding in the MRG.

3. Results and discussion
3.1. Properties of CoFez04 particles

Fig. 2 presents the morphological characteristics of N and M that
were sintered at 500 °C and 1000 °C, respectively. It is clear from the
FESEM images that as the sintering temperature increased, the size of
the CoFe;04 particles has shown significant changes. As in Fig. 2(a),
with 1000 °C of sintering temperature, the M formed in polygonal shape
with facet edges in 2.5 p m of average size. This is due to the particles
selectively growing in ease orientations that facilitate the formation of
polygonal structures [47]. In this case, high sintering temperature would
induce more energy for the mobility of atoms thus led the growth of
crystals in preferential directions of <100>, followed by < 110> and
<111>, forming symmetrical branches of CoFe;04. Then, the particles
grew into spaces between branches completing the polygonal shape of
CoFey04 in {111} crystallographic planes [48]. In contrast, for N that
was sintered at 500 °C, the particles afford to form small spherical shape
since the growth was suppressed after formation of solute crystal of
CoFey04, and the ranging size is around 10-20 nm. However, it was
noted that the nanoparticles tend to agglomerate and form a large clump
due to the small distance of inter-particle and high surface energy [49,
50].
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Fig. 2. FESEM images of the synthesized CoFe;04 particles for (a) M that was sintered at 1000 °C and (b) N that was sintered at 500 °C..

(a)
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3 4 by S 412 511 g2z 44
(a) N 220 533
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(b)

Magnetization [emuy/g)

Fig. 3. (a) XRD patterns of the synthesized nano- (N) and micro-CoFe;04 (M) which confirm the formation of the particles, and (b) Magnetic hysteresis loops of the
synthesized CoFe,0,4 particles that show the magnetization of M is higher as compared to N.

Fig. 3 depicts the XRD pattern and magnetic hysteresis loop for M
and N of CoFeyQ4 particles. As shown in Fig. 3 (a), the XRD patterns
obtained from both samples are identified and agreeable with references
of JCPDS card no. 98-018-4063 which indicates the formation of cubic
crystal structure of CoFe;04 with Fd-3m of space group. Based on the
peaks obtained for both powders, it can be observed that no extraordi-
nary peak was detected, showing no impurities of synthesized CoFe04
particles detected. It is also noted that although different sintering
temperatures were applied to the particles, the XRD diffraction peaks
somehow resulted similar as falls in the same Bragg’s angles at 30.23,
35.61°, 37.25, 43.28’, 53.70’, 57.25', 62.87", 74.39', 75.45', and 79.39",
individually. In fact, for M, the peaks observed are sharper and narrower
as compared to the peaks of N attributed to the larger size of particles,
micro-CoFe;04 which is subsequently influenced by its domain size
[51]. Nonetheless, the diffraction pattern of both XRD analysis has
shown the spinel phases of CoFe;04 which confirms the formation of the
respective particles.

Meanwhile, Fig. 3(b) demonstrates the magnetic hysteresis loops for
CoFey04 particles, particularly for M and N. As shown in the figure, the
magnetic saturation, M of sample M is higher as compared to N that was
sintered at lower temperature, which is by 20 % difference where the Mg
for M and N is about 97.14 and 80.70 emu/g, respectively. The differ-
ence in the magnetization value of synthesized particles is due to the
alteration of the particles sizes that significantly changed the micro-
magnetic structure of the particles. It is believed for sample M that
exhibited larger size of particles, there is a redistribution of cations
where the Fe®* jons tend to migrate more on the octahedral sites which
resulted in the increment of the magnetization value of the micro-
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particles [52]. Meanwhile for N, a lower value of the magnetization,
M; is due to the disordered surface resulting in non-collinearity of the
magnetic moments exhibited by the finite size of the nanoparticles [53].
However, in terms of the coercivity (H.) and retentivity (H;), the sample
N recorded higher value than the sample M. This indicated that the
nanoparticles of CoFe;O4 (N) require more magnetic field to be
demagnetized (H.) and remain higher residual magnetism when mag-
netic field was removed from the particles (H,), as contrast with the
micro-particles of CoFexO4 (M). It also shows the softer magnetic par-
ticles of M as compared to N. The summary of the magnetic properties of
synthesized CoFe204 particles are tabulated in Table 2.

3.2. Viscosity of MRG samples with CoFez04 particles

In order to investigate the viscous behavior of MRG samples with
different sizes of CoFe304 (M1 and N1), a rotational mode of rheological
test was carried out with applied shear rates between 0.01 and 100 s},
and each test underwent different values of magnetic field. As a result,
the viscous behavior of MRG samples in terms of viscosity, shear stress
and yield stress were extracted and further analyzed. Fig. 4 depicts the

Table 2
Magnetic properties of CoFe,0,4 particles.

Samples  Magnetic Saturation, M; Coercivity, H. (A/  Retentivity, H,
(emu/g) m) (emu/g)

N 80.70 865.63 45.72

M 97.14 509.05 38.08
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Fig. 4. Viscosity of MRG samples versus shear rates, under different applied magnetic fields for (a) 0 T (b) 0.181 T (c¢) 0.383 T and (d) 0.596 T.

viscosity effect of MRG samples, with magnified areas indicating a sig-
nificant difference in each MRG sample correspond to O, M1 and N1.
Meanwhile, Table 3 tabulated the viscosity values of all MRG samples at
different magnetic fields.

Based on Fig. 4, it is clearly observed that all MRG samples exhibited
shear thinning effect where, as the shear rate increased, the viscosity of
the samples decreased exponentially, for both off- and on-state condi-
tions. Particularly in the absence of magnetic field (0 T) as depicted in
Fig. 4 (a), sample O demonstrated higher initial off-state viscosity,
around 0.185 MPa s followed by N1 and M1 which are 0.137 and 0.105
MPa s, respectively. This indicated that the addition of CoFe;04 either in
micro- or nano-sizes have decreased the initial off-state viscosity of the
MRG. In fact, M1 possess 15 % viscosity lower than N1 due to more
disentanglement of the grease fibrous structure with micro-CoFe;04
[19]. Basically, at the off-state condition, nature of the grease would
depend on the fibrous structure of the thickener, and it primarily de-
termines the viscous behavior of the material. The grease thickener
would act as a ‘sponge’ which absorb and release the base oil [54,55]. As
shown in Fig. 5 (a), the fibrous structure of MRG (O) exhibited in more
degree of entanglement and eventually not affected by the incorporation
of the CIP. However, with the presence of micro-CoFe;O4 (M) in the
MRG, the larger size of additive with facet edges shape caused more
random internal friction among the particles which might generate heat
during the mixing process of M1. Therefore, the weak molecular bond of
the thickener’s structure including van der Waals and hydrogen bonds
tend to break-up, and the base oil that is kept in the grease thickener
structure would be released, as shown in Fig. 5 (b). This phenomenon led
to the reduction of the viscosity of M1 [56]. Besides, larger size of M

Table 3
Viscosity values for all MRG samples at different magnetic fields.

Samples Viscosity (MPa.s)

0T 0.181T 0.383T 0.596 T
(0] 0.185 0.340 1.035 2.163
N1 0.137 0.487 1.295 3.021
M1 0.105 0.413 1.064 2.238
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caused more disentanglement of the fibrous structure of grease and more
base oil in the grease medium has been released, resulting in larger
decrement of the initial off-state viscosity of the material.

Nevertheless, for N1 sample, the reduction of the initial off-state
viscosity is caused by the nanoparticles size of CoFe;04 which filled in
the voids of the fibrous thickener structure of the grease that basically
contained of base oil. As a result, the base oil would be discharged from
the fibrous structure of grease that subsequently caused the N1 to
become less viscous. In fact, the discharged base oil to the MRG might
act as a plasticizer that increased the lubricity in the grease medium.
However, the initial off-state viscosity of N1 is greater than the M1
although it has successfully reduced as compared to O, by 31.6 %
reduction. This result can be explained due to the larger number of
particles introduced in the MRG with 1 wt % of CoFe;04 nanoparticles,
as contrast with 1 wt % of micron-CoFe304. Thus, the density of the total
particles (CIP and N) that were incorporated into the grease would be
higher which subsequently increased slightly the resultant viscosity of
N1. As illustrated in Fig. 5 (c), the fibrous structure of N1 has become
denser with the localized of CoFep;O4 nanoparticles in the voids of
thickener structure. Although, in return the base oil has been released
that reduced the initial off-state viscosity of MRG, the localized nano-
additive in the fibrous structure has slight increased the entanglement
degree of the fibrous structure itself.

On the contrary, at the on-state condition, the N1 became more
viscous followed by M1 and O, as depicted in Fig. 4(b-d) and as listed in
Table 3. In particular, the initial on-state viscosity of N1 is around 0.49
MPa s at 0.181 T, about 277 % increment from the off-state condition
and the value has further increased to 3.02 MPa s when the magnetic
field was increased to 0.596 T. Meanwhile, for M1, the improvement of
the initial on-state viscosity is still notable, specifically by 273 % for
0.41 MPa s (0.181 T) as compared to the off-state condition. However,
the increment of the on-state viscosity of sample O is about 89 % only,
from O to 0.181 T, before the viscosity value has further increased to
2.16 MPa s when the magnetic field was increased to 0.596 T. The least
increment of the viscosity from off-to on-state condition is due to smaller
disentanglement of grease fibrous structure as shown in Fig. 6 (a). This
indicated that the additives either in micron- or nanosized CoFe;04 has
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Nano-CoFe:0s

Fig. 5. Illustrations of the structure in MRG samples respective to the initial off-state viscosity for (a) MRG (O), (b) MRG with CoFe;0,4 micron-particles (M1) and (c)
MRG with CoFe;04 nanoparticles (N1) (The background colors indicate the viscosity level of the samples less viscous).

(a) O

Fig. 6. Illustrations of the structure in MRG samples at the initial on-state viscosity for (a) MRG (O), (b) MRG with CoFe,O,4 micro-particles (M1) and (c) MRG with
CoFe,04 nanoparticles (N1) (The color indicates the viscosity level of the MRG samples less viscous).

significant influenced on the viscosity changes of the MRG, for both
conditions. The rise in the viscosity value of MRG samples from off-to
on-state conditions is due greater responsiveness of the magnetic par-
ticles (CIP and CoFe;04) towards the applied magnetic field and for-
mation of a stronger chain-like particles proportional to the strength of
magnetic fields.

In the case of M1, due to similar size of M with CIP, the additive tends
to attach amongst the CIP and simultaneously improved the strength of
chain-like particles as illustrated in Fig. 6 (b). The large surface area of
facet shape of M has high tendency to align and fill in the spaces between
the arrangement of CIP due to high magnetization exhibited by the
particles. Meanwhile, for N1, the nanosized of N are prone to attach and
surrounded the surface of CIP and formed cloud structure due adsorp-
tion and magnetic forces towards the CIP, and it simultaneously
inhibited the CIP from being agglomerated that primarily favored by the
van der Waals and magnetic attractions [57,58]. As a result of magnetic
forces between those magnetic particles, it led the cloud-N to fill up the
spaces between the CIP and subsequently enhanced the chain-like
structure of the particles towards the magnetic fields as shown in
Fig. 6 (c). These two phenomena somehow contributed to the
improvement of the viscosity of MRG at the on-state condition. In fact,
higher density of N has further enhanced the on-state viscosity of N1 as
compared to M1.

Despite that, in terms of shear rates that were applied between 0.01
and 100 s~ it is discovered that, beyond the shear rate of 0.1 sL
particularly at any magnetic field, the MRG samples tend to exhibit the
same value of viscosities for with or without the additives. The presence
of additives has no impact on the viscosity of MRGs. At the moment, the
sample O, M1 and N1 have entered the viscous flow region attributed to
the base oil separation happened in the grease medium. Therefore, based
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on current findings, the safety shear rates that can be used for the MRG
especially with incorporated of CoFe,04 as additives is less than 0.1 s~
in order to maintain the principle working of MRG and the significant
role of additives towards the viscosity alteration at any condition.

3.3. Shear stress of MRG samples with CoFe;04 particles

Fig. 7 depicts the relationship between shear stress and shear rates of
MRG samples with micron- and nanosized of CoFe;O4 under different
magnetic fields induction. In brief, the shear stress increased as the shear
rates and magnetic fields increased. In Fig. 7 (a), with the absence of
magnetic field, it represents that M1 possessed the lowest shear stress as
compared to N1 and O, especially with the shear rates of below than 0.1
s~!. In fact, with the increment of shear rates, M1 shows very slow
increasing trend up to 1.2 s~! and it is where the yield point of M1 was
identified, as in dotted red circle. Meanwhile for N1, the slight incre-
ment in shear stress was observed until small peak was noted, around 0.5
s ! and it is identified as the yield point of N1. This shows that at the off-
state condition, although the applied shear rate for N1 is less than M1,
the shear stress that can be sustained by N1 is greater before the tran-
sition of semi-solid behavior to flow region of MRG would be taken
place. This is also correlated with the higher off-state viscosity of N1 as
compared to M1, as discussed in previous section. On the other hand,
sample O shows an increasing trend of shear stress gradually with shear
rates and exhibited the highest value of shear stress. Similarly, it is due
to highest off-state viscosity of O (0.19 MPa s) as compared to M1 (0.11
MPa s) and N1 (0.14 MPa s) that could sustain higher stress upon
deformation. Basically, the yield point in MRG samples is due to the slip
phenomenon that occurred between the particles and grease medium
that break-up the interaction between both components upon shearing
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Fig. 7. Shear stress of MRG samples as a function of shear rates under different value of magnetic fields of (a) 0 T, (b) 0.181 T, (c) 0.383 T and (d) 0.596 T.

effect.

On the contrary, when magnetic fields were applied to the MRG
samples, the shear stress increased as the shear rate increased as shown
in Fig. 7(b—d). It is known that the increment of shear stress in MRGs is
due to the formation of stronger dipole-dipole interaction among the
magnetic  particles, including CIP-CIP, CIP-CoFe;0O4 and
CoFey04—CoFey04, and towards the magnetic fields. In addition, N1
recorded the highest trend of shear stress, followed by M1 and O for all
values of applied magnetic fields. Nevertheless, all MRG samples
possessed the similar shear rate, about 0.2 s~! for 0.181 T, 1.0 s ! for
0.383 T and ~9 s~ for 0.596 T that caused the yield point to occur in
each MRG sample, before shear stress were escalating with higher shear
rates for all conditions. For instance, at 0.181 T and with 0.2 s~ ! shear
rate, N1 achieved the highest yield stress about 4.87 kPa, followed by
M1 at about 4.12 kPa and O with 3.40 kPa. Then, the shear stress was
still dominant by N1 with increased shear rates. This phenomenon is
most likely due to higher on-state viscosity that exhibited by N1, with
the aid of the nano-CoFe,04 in the MRG which increased the density, the
magnetic interactions of magnetic particles towards the magnetic field
as well as the flow resistance during the shearing effect. Similar phe-
nomenon occurred in sample M1 and O. On the other hand, as observed
in Fig. 7 (d) with magnified area, although N1 recorded the highest
shear stress, the graph has shown fluctuated might be due to more
slippage occurred between the particles, attributed to the larger number
of particles in the MRG which experienced shearing and magnetic
strength effects. Nevertheless, based on the findings, both micron- (M)
and nano-CoFe304 (N) have enhanced the shear stress of MRG at the on-
state conditions, somewhat similar to sample O and even higher
although both additives have reduced the respective off-state viscosity
of the MRG.

3.4. Yield stress of MRG samples with CoFe;04 particles

In most MR devices, particularly in MR brake and MR damper, the
yield stress is one of the salient parameters to evaluate the efficiency of
the device. In fact, it is noted that high value of yield stress would result
in high braking torque thus, enhancing the efficiency of MR devices. In
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brief, yield stress is the minimum shear stress required to rupture the
formation of chain-like alignment of magnetic particles in the MRG that
formed due to interactions of magnetic particles towards the magnetic
field and shearing force. The yield stress of all MRG samples in both off-
and on-state conditions were projected from Fig. 7 and presented in
Fig. 8 below. As can be observed in Fig. 8, at the off-state condition (0 T),
sample O performs higher yield stress of around 1.84 kPa as compared to
N1 (1.33 kPa) and M1 (0.17 kPa) due to higher flow resistance by high
entanglement density of the grease thickener’s structure. This is also
corresponded to its highest off-state viscosity of the MRG compared to
other two samples.

Meanwhile, at the on-state conditions from 0.181 to 0.596 T, N1
possessed the largest enhanced yield stress and its trend preceded for
other values of magnetic field. The trend followed by M1 and O which
both exhibited almost similar yield stress for all applied magnetic fields.
This indicated that with higher magnetic field strength, the interaction
of magnetic particles in the MRG increased which caused stronger chain-
like alignment of the particles towards the magnetic fields. Thus, the
MRGs become more viscous and exhibited higher flow resistance upon
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9.315

9.213
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Fig. 8. Yield stress of all MRG samples at different values of magnetic field.
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shearing force. In return, it requires greater yield stress to cause slip
phenomenon between the particles and grease medium that result in
transition from solid-like medium to flow region. Besides, as presented
in the figure, N1 have higher yield stress attributed to greater on-state
viscosity than M1 and O, as have been discussed in previous section.
The finding somehow shows that although the addition of M and N have
reduced the off-state viscosity of MRG, the improved responsiveness of
M1 and N1 towards the applied magnetic fields has been enhanced that
leastwise maintain the shear and yield stress of the MRG without addi-
tives. Therefore, the addition of M and N have covered both improve-
ment targets; in reducing the off-state viscosity and improving the on-
state shear and yield stress of MRG. As compared with previous study
that tabulated in Table 4, this study has been enhance the value of
MRGs’ yield stress with addition of CoFe304,

3.5. DSC analysis of MRG samples

DSC measurements were conducted to investigate the phase transi-
tions of MRG samples correspond to different temperatures, from 25 °C
(ambient temperature) to 400 °C. Based on Fig. 9, heat flow (mW/mg)
was observed to be more negative indicating the heat absorbed by the
samples as temperature increased, and patent of peaks were noted
similar for all the samples. The distinct peaks were marked as P, P, and
P3, respectively. The first peak (P;) which correspond to endothermic
reaction would represent the melting point of the lithium grease thick-
ener. It was found that the melting point of lithium grease thickener for
O, M1 and N1 were similar, around 200 °C designating that the heat
induced has softened the grease causing it began to flow. Meanwhile, the
incorporation of micron- (M) and nano-CoFez04 (N) in the MRG has no
significant effect on the melting point of lithium grease thickener, which
is at 200 °C as similarly stated by Moreno et al. [59]. As compared with
MRG-N1, peaks of MRG with micro-sized of CoFe;O4 are sharper and
more dipped due to the faster rate of transformation where it absorbs
more heat energy to melt the grease thickener by 3.95 mW/g of heat. As
the temperature increased to 353.11 °C, the second peak which belongs
to exothermic reaction (P;) appeared for N1 only. As heat released by
the grease structure around this temperature, the localized of CoFe;04
nanoparticles in the voids of thickener structure as discussed in previous
section caused it to be aggregated, simultaneously with the degraded
MRG. Remarkably, with the increment of temperatures in the range
367-400 °C, all the three samples showed exothermic reactions (P3)
which manifests the possibility of more aggregation of the particles
occurred, including the CIPs and CoFey04 in the grease medium [60].
Based on the finding, practical operation of the MRG upon incorporation
of the CoFe304 as additive should not be above than 200 °C considering
the thickening behavior of the lithium grease based MRG.

Table 4
Comparison data with the previous research regarding on the off-state viscosity
and on-state yield stress.

Additives Viscosity Yield Stress Ref
Type Size (Pa.5) (Pa)
Chromium Oxide ~100 nm - 500 (0.1T) [24]
crossectional
length
Meghamite 10 nm ~50000 - [28]
Graphite 3 pm 49000 11000 [26]
(0.181T)
Molybdenum 2 pm length 1600 6000 [25]
disulphide (0.36T)
Cobalt ferrite 1-3 ym 137000 4869000 This
(0.181T) study
10 nm 105000 4123000
(0.181T)
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Fig. 9. DSC curves for all MRG’s samples correspond to temperature range of
25-400 °C.

3.6. Morphology analysis of MRG samples with CoFe;O4 particles

Fig. 10 depicted the morphological characteristics of dried grease,
and dried MRGs particularly O, M1 and N1 in which the base oil was
removed from the grease structure. The micrographs were observed via
FESEM. As shown in Fig. 10 (a), the thickener structure of the pure
grease can be clearly seen where the structure portrayed in the form of
entangled fibrous with the average width around 50 nm. Meanwhile,
Fig. 10 (b) presents the micrograph of MRG sample (O) which shows that
the fibrous structure of the grease thickener has been enclosed the
spherical CIPs and the average fibrous width was noted around 80-100
nm.

However, a difference between the thickener structure of M1 and N1
have been observed as in Fig. 10 (c) and (d), respectively in terms of the
fibrous structure and cross-sectional width of the grease thickener itself.
For M1, the observed thickener’s length became shortened and less
entangled as compared to N1 and as measured for M1, the width of the
thickener structure is around 150-200 nm. In fact, as noted in Fig. 10
(c), the M which is in facet-shape particles caused it to be faced-
positioned among the spherical CIPs and its sharp edges has simulta-
neously break-up the bonds of the thickener structure of the grease.
Thus, the ‘twisting’ fibrous structure of grease seems untie or detangled
that caused increment in its average width value. On the other hand, as
discovered in Fig. 10 (d), the N has been attached on the surface of CIPs
and most likely would be “trapped” or fill in the voids of the thickener
structure of the grease. As a result, the fibrous structure of grease has
been liberated that led to increase in the value of the fibrous width
slightly, to ~114 nm as compared to sample O. Both phenomena in M1
and N1 also caused the releasement of base oil from the fibrous grease
structure as has been discussed in Fig. 5. This finding also in line with the
decrement of the initial off-state viscosity of the MRG sample and
conclusively the viscosity of MRG is highly dependent on the thickener’s
structure of the grease.

3.7. Raman spectra analysis of MRG samples

Fig. 11 shows the Raman spectra for sample O, M1 and N1, respective
to without and with the CoFe;Oy4 particles in the MRG. In brief, Raman
spectrum for all the samples exhibited the same pattern of peaks, which
originated from the molecular interactions of the grease and the parti-
cles. The first Raman peak at the range below 500 cm ™! was observed to
be similar for sample O, M1 and N1, and it has been identified as metallic
oxides bond which correspond to the CIP and CoFe;O4 (M and N) par-
ticles in the MRG samples. In fact, the intensity of M1 and N1 are
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recorded higher as compared to sample O indicating the amount of
metallic bonds (iron, cobalt and iron oxides) have been increased,
attributed to the amount of CIP and CoFe,Q4 particles presented in the
grease medium. Meanwhile, in the range of 1300-1700 cm ™! of Raman
shift, the second and third peaks were observed belong to methyl (C-H)
bond and covalent double bond (C=0), respectively which both bonds
are owned by the thickener structure of the grease [61]. In fact, sample
0 and N1 show the similar Raman shift for C-H bond, at 1348 cm™" and
C=0 bonds at 1578 cm ™}, unlike for sample M1 that has the Raman peak
for C-H and C=0 bonds shifted more to the left, around 1356.5 and
1584.3 em ™!, respectively as illustrated in the figure. These observations
might be due to the fibrous structure of the grease that has been changed
in response to either micro- or nano-CoFe;04 added to the MRG. In fact,
the addition of micro-CoFe;O4 (M) in the MRG has caused disentan-
glement of the fibrous structure of the grease which simultaneously
disrupted or reduced the levels of C-H and C=0 bonds in the fibrous
structure of the grease. The base oil in the grease thickener structure also
has been released as which leads to the reduction of the initial off-state
viscosity of MRG, as discussed in the previous section. This structural
modification also might lead to the shifted of the Raman peak of C-H
and C=0 bonds for M1, as compared to N1 and O. Meanwhile, for N1,
the presence of nano-CoFe304 has localized the nanoparticles inside the
fibrous structure of the grease and this phenomenon might pronounce
the C-H and C=0O bonds become more compact and suggesting a
stronger thickener structure of the grease. Correspondingly, the Raman
peaks for C-H and C=0 bonds for the N1 is higher as compared to
sample O (MRG). Thus, the presence of two distinct sizes of additive has
shown a significant affect towards the alteration of the molecular
structures and bonding in the MRG.

4. Conclusion

In this study, different sizes of CoFe304 in terms of micron- (M) and
nanoparticles (N) have been utilized to investigate the role of additives
on the viscous behavior of the MRGs. Three samples were prepared
which were MRG without the CoFe;O4 (O), MRG-micron CoFe;04 (M1)
and MRG-nano CoFe304 (N1). Prior to the fabrication of MRG samples,
the additives have been synthesized via co-precipitation method with
different sintering temperatures of 500 °C for M and 1000 °C for N. It
shows that M has formed in polygonal shape with 2.5 p m in average size
while N is in spherical shape with 10-20 nm in average size. M also
recorded higher magnetization value, Mg by about 20.37 % more than
M; of N attributed to the larger size of particles. Meanwhile, based on the
DSC analysis, there is no significant changes on the melting point of
MRG, around 200 °C although 1 wt % of micro- (M) or nano-CoFe;04
(N) particles were added in the MRG. As the additives were incorporated
into the MRG with 1 wt % concentration, separately, both M1 and N1
have successfully reduced the initial off-state viscosity of the MRG, by
43.2 % for M1 and 26 % for N1 as compared to O. M1 decreased the off-
state viscosity of MRG by disentanglement of the fibrous structure of the
grease by M while N has prone to fill-in the gap between the fibrous
thickener’s structure of the grease. Simultaneously both phenomena
caused discharging of the base oil of the grease and reduced off-state
viscosity of the MRG while role of M during disentanglement of the
fibrous structure has resulted more reduction of the off-state viscosity
value as compared to N. It discovered that with CoFe;O4 particles, the
width of fibrous structure of the grease became larger as compared to
fibrous structure of MRG without the additives. Nevertheless, N1
possessed higher on-state viscosity, followed by M1 and O due to
enhanced chain-like particles in the MRG towards the magnetic fields.
Thus, MRG with the additive become more viscous and solid-like state,
and it correlates with the enhanced of shear and yield stress of the MRGs
at the on-state conditions. Indeed, the yield stress of N1 and M1 has been
improved by 39.8 % and 3.5 %, respectively as compared to MRG (O).
On the hand, respective to the chemical analysis by Raman spectros-
copy, the C-H and C=0 bonds which are designated for the fibrous
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thickener structure of the grease has been shifted to the left when M was
added to the MRG (M1). It is accompanied with the decrement in in-
tensity of the bonds due to disentanglement of the fibrous structure of
the grease which resulted in the collapsing of the bonds. Meanwhile, the
Raman shift for the C-H and C=0 bonds, particularly for N1 and O are
noted similar, indicating the structure bonds have been maintained
although N was added into the MRG. Therefore, it can be concluded that
different sizes of additives would play different roles in modifying the
viscous behavior of MRG which could provide significant knowledge
and information for researchers to utilize suitable sizes of additive for
specific requirements. Meanwhile, for the future works, further inves-
tigation related to transient response of MRG, incorporated with these
additives will become essential to evaluate the time taken for modified
MRG composite to response towards the applied stimulus.
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