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Abstract

In this study, a new magnetorheological (MR) grease was made featuring plate-like carbonyl

iron (CI) particles, and its magnetic field-dependent rheological properties were experimen-

tally characterized. The plate-like CI particles were prepared through high-energy ball milling

of spherical CI particles. Then, three different ratios of the CI particles in the MR grease,

varying from 30 to 70 wt% were mixed by dispersing the plate-like CI particles into the

grease medium with a mechanical stirrer. The magnetic field-dependent rheological proper-

ties of the plate-like CI particle-based MR grease were then investigated using a rheometer

by changing the magnetic field intensity from 0 to 0.7 T at room temperature. The measure-

ment was undertaken at two different modes, namely, a continuous shear mode and oscilla-

tion mode. It was shown that both the apparent viscosity and storage modulus of the MR

grease were heavily dependent on the magnetic field intensity as well as the CI particle frac-

tion. In addition, the differences in the yield stress and the MR effect between the proposed

MR grease featuring the plate-like CI particles and the existing MR grease with the spherical

CI particles were investigated and discussed in detail.

Introduction

Magnetorheological (MR) grease is classified as one of the smart materials because of its

adjustable and tuneable rheological characteristics that are controlled by an external magnetic

field. The rheological properties of MR grease can be changed continuously, rapidly and

reversibly within milliseconds, depending on the application of the magnetic field [1,2]. At the

beginning stage, MR grease was introduced to overcome the problem of sedimentation in MR

PLOS ONE | https://doi.org/10.1371/journal.pone.0191795 April 9, 2018 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Mohamad N, Ubaidillah , Mazlan SA,

Imaduddin F, Choi S-B, Yazid IIM (2018) A

comparative work on the magnetic field-dependent

properties of plate-like and spherical iron particle-

based magnetorheological grease. PLoS ONE 13

(4): e0191795. https://doi.org/10.1371/journal.

pone.0191795

Editor: Mohammad Shahid, Aligarh Muslim

University, INDIA

Received: September 20, 2017

Accepted: January 11, 2018

Published: April 9, 2018

Copyright: © 2018 Mohamad et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: Funding for this research was provided

by the following sources: i) Universiti Teknologi

Malaysia 04E02 (Grant Post-Doctoral Research

University); ii) Sustainable Higher Education

Research Alliances (SHERA) Project through Prime

Award: AID-497-A-16_00004, USAID; iii) Hibah

https://doi.org/10.1371/journal.pone.0191795
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0191795&domain=pdf&date_stamp=2018-04-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0191795&domain=pdf&date_stamp=2018-04-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0191795&domain=pdf&date_stamp=2018-04-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0191795&domain=pdf&date_stamp=2018-04-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0191795&domain=pdf&date_stamp=2018-04-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0191795&domain=pdf&date_stamp=2018-04-09
https://doi.org/10.1371/journal.pone.0191795
https://doi.org/10.1371/journal.pone.0191795
http://creativecommons.org/licenses/by/4.0/


fluids, which resulted in a reduction of the MR effect and the limitation of practical applica-

tions [3,4]. In other words, the grease was used as an additive that was able to eliminate the

sedimentation rate of MR fluids containing a high density of iron particles. The study on this

issue was continued by [5] who replaced the carrier fluid in MR fluids with grease. Specifically,

they focused on the stability of the MR grease under the influence of an applied magnetic field.

Thus, the magnetisable particles suspended in the grease medium formed a strong-solid struc-

ture in the presence of an applied magnetic field (on-state). Mohamad et al. [6] investigated

the effect of magnetisable particles of MR grease under the influence of various magnetic fields.

From this study, it was found that a carbonyl iron (CI) particle fraction of 70 wt% yielded the

highest yield stress (52.7 kPa) and MR effect (952.38%). The advantages of MR grease are the

absence of sedimentation and its high magnetic rheological effect due to the adjustable viscos-

ity. MR grease is basically formulated utilizing micron-sized soft magnetisable particles, with

grease as the suspension medium [7]. In order to improve the stability and performance of

MR grease, Park et al. [2] studied the effects of a nanoparticle additive-based MR grease in var-

ious magnetic field intensities. The nanoparticles exhibited good stability without diminishing

the field-dependent properties of the MR grease such as the yield stress. Instead of employing

nanoparticles to improve the properties of the MR grease, Kim et al. [8] investigated the effects

of kerosene oil as an additive in MR grease in off-state and on-state conditions. It was shown

that the apparent viscosity and the MR effect of the MR grease decreased due to the kerosene

oil. It should be noted here that the abovementioned studies on MR grease used spherical CI

particles. Recently, the possibility of the shape of the particles having a significant effect on the

magnetic field-dependent rheological properties of MR materials was reported in [9].

Concerns regarding the shape of the CI particles have attracted many researchers due to its

significance for the improvement of stability as well as the enhancement of the magnetic field-

dependent yield stress of MR materials. One of the earliest works that discussed the effects of

the shape of the particles was conducted by Siebert et al. [10], where they examined the behav-

iour of MR fluids with plate-shaped magnetisable particles in terms of their apparent viscosity

and yield stress toward the particle volume fraction. From the study, it was found that MR flu-

ids with plate-shaped particles have a higher apparent viscosity and yield stress compared to

MR fluids with spherical-shaped particles. This phenomenon is due to the expansion of the

surface contact area between the plate-shaped particles caused by the reduction in total separa-

tion between the neighbouring particles. As reported in the literature [11,12], plate-like CI par-

ticles tend to reduce the interparticle gap due to their long axis and larger diameter compared

to spherical CI particles. In addition, plate-like CI particles are more easily magnetised at low

magnetic fields owing to their shape anisotropy. Moreover, the dipole-dipole interactions that

occur in the shape anisotropy due to the stimulated magnetic field can only be attained with

irregular shaped particles. The shape anisotropy can produce one or more axes along the long

axis of plate shaped particles, depending on a favourable direction of magnetisation. Therefore,

a higher force is required for a fluid to flow around the particles. The study continued with an

investigation by Upadhyay et al. [12] into the effects of plate-shaped particles in MR fluids

under an oscillatory shear flow. The results obtained from this work showed that there was an

increase in the storage modulus, which directly indicated strong solid chain structures due to

the friction between the plate-shaped particles. In addition, it was shown that this behaviour

was saturated at a low magnetic field intensity of 80 kA m-1, and that the sedimentation rate

was significantly decreased compared to MR fluids consisting of spherical-shaped magnetisa-

ble particles. Shilan et al. [13] reported on the rheological properties and sedimentation of MR

fluids based on plate-shaped particles and compared them with spherical particle-based MR

fluids. Their results indicated that the magnetic saturation of the plate-like particles was 8%

higher than that of the spherical particles. In addition, the yield stress of the plate-like particle-
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based MR fluids increased by up to 270%. However, the sedimentation problem still occurred

in the plate-like particle-based MR fluids and the authors merely reduced the rate by up to

20% compared to the spherical particle-based MR fluids. Recently, Wei et al. [14] studied the

effects of using non-spherical particles in MR grease, where computer simulations were

employed to observe the rheological properties. It was shown that the MR grease using hexa-

gon-shaped magnetisable particles had higher magnetic field-dependent shear stress that

increased from 7.4 to 21.7 kPa compared to the spherical particles (6.2 to 16.6 kPa). This simu-

lation proved that the contact area between the particles plays a very important role in the

magnetic field-dependent rheological characteristics of MR grease. It should be mentioned

here that other particle geometries and properties such as size and saturation magnetisation

are also significant for achieving a high performances in MR grease like MR fluids [8,15].

Vicente et al. [16] claimed that non-spherical particles with the same fractions as spherical par-

ticles can have a greater magnetic intensity between the particles with the same input current.

This happens due to the smaller demagnetisation that occurs in the non-spherical particles.

Therefore, small fractions of non-spherical particles are required to produce stronger magnetic

fluids in on-state conditions. In addition, the orientational distribution and rheological prop-

erties of non-spherical particles are appropriate for use in devices that work in dynamic modes

such as damping devices, vibration controls, actuators, shock absorbers, engine mounts and in

MR polishing [1,4,7,17]. Some of these applications require MR grease, which can produce a

high yield stress and MR effect, especially in low intensity magnetic fields [17].

As surveyed from the above literature, studies on the comprehensive effects of the shape of

particles on the magnetic field-dependent rheological performance of MR grease are consider-

ably rare. To the best of the authors’ knowledge, studies into the effects of different particle

shapes on the magnetic field-dependent performance of MR grease so far have been under-

taken through simulation only [14], despite many works on the plate-like iron particle-based

MR fluids via both simulation and experiment [10–13,16,18]. Consequently, the main techni-

cal contribution of this work was to experimentally investigate and compare the magnetic

field-dependent rheological properties of MR grease with regard to two different particle

shapes, namely plate-like CI particles and spherical CI particles. Although the plate-like parti-

cles have been previously investigated in MR fluids, the behaviour of the particles in a medium

with a much higher viscosity has not been clearly investigated so far. In order to clearly observe

the effect of the non-spherical CI particles in a grease medium with a higher viscosity than the

carrier liquid of MR fluids, three different ratios of plate-like CI particle-based MR grease were

prepared, and their rheological properties were characterized in continuous and dynamic

shear modes via a commercial rheometer. The rheological properties of the plate-like CI parti-

cle-based MR grease (MRG-P) were obtained and evaluated in terms of the apparent viscosity

and elasticity, depending on the applied magnetic field. In addition, the dissipation energy and

friction impact on the MR grease were discussed accordingly. It was also demonstrated that

different rheological characteristics existed between the two different shapes of CI particles in

terms of the field-dependent yield stress. As mentioned above, MR grease was initially intro-

duced to overcome the problem of sedimentation in MR fluids. However, the issue of sedi-

mentation between the two different shapes of CI particles was not discussed in this work.

Preparation of MR grease samples

Materials and test method

Spherical CI particles (OM series) purchased from BASF Germany were used to prepare the

plate-like CI particles. The average size and density of the spherical CI particles were 5 μm and

7.874 g/cm3, respectively, as provided by the manufacturer. The plate-like CI particles were
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obtained from a milling process utilizing a rotary ball mill (QM-5 model from Tencan Com-

pany). The details of the procedure were undertaken according to the method described by

Shilan et al. [13]. In this work, the duration of the milling process was 40 hours. Zirconia balls

were used as the grinding medium to modify the shape of the spherical CI particles. The pre-

ferred ball-to-powder ratio was 20:1. In order to overcome the problem of adhesion between

the particles, pure ethanol was added as a process controlling agent (PCA). For the preparation

of the MR grease, commercial grease (NPC Highrex HD-3 Grease, Nippon Koyu Ltd, Japan)

was chosen as the suspension medium. The density and viscosity of the commercial grease, as

specified by the manufacturer were 0.92 g/cm3 and 190 cSt, respectively. Three different ratios

of the plate-like CI particles (to be referred to as MRG-P after this), varying from 30 to 70 wt%,

were prepared in a grease medium (refer to Table 1). At first, the grease was stirred for five

minutes using a mechanical stirrer. Subsequently, the plate-like CI particles were added and

stirred for another two hours to enhance the homogeneity of the MR grease. The process for

the preparation of the samples was carried out at room temperature. The same procedure was

repeated for the spherical CI particles (referred to as MRG-S after this) for comparison.

Characterisation of rheological properties

A field-emission scanning electron microscope (JEOL, JSM-IT300) was used to observe the

shape and size of the particles. The test was conducted in a high vacuum mode with a magnifi-

cation of 3000x with the application of an accelerating voltage of 1 kV to the particles. The

crystallinity of the CI particles was examined using an X-ray diffractometer (Empyrean, PANa-

lytical). The X-ray patterns were evaluated using the Highscore software. In addition, a vibrat-

ing sample magnetometer was used to study the magnetic properties of the MR grease. The

test was carried out using a Lakeshore 7404 series at a maximum applied magnetic field inten-

sity of 1.2 T at 25˚C. Rotational and oscillatory shear tests were performed using a commercial

parallel-plate rheometer (Anton Paar, Physica, MCR302) equipped with a controlled magnetic

field supported by an MR device (MRD70/1T). The magnetic field that was applied on the

samples was controlled by adjusting the applied current from 0 to 5 A (refer to Table 2) instead

of the magnetic field where the Tesla unit is used. By regulating the constant current value, the

Table 1. Compositions of MR grease.

Types % by weight (samples)

MRG-P 30 MRG-P 50 MRG-P 70 MRG-S 30 MRG-S 50 MRG-S 70

Plate-like shape 30 50 70 - - -

Spherical shape - - - 30 50 70

Grease 70 50 30 70 50 30

https://doi.org/10.1371/journal.pone.0191795.t001

Table 2. Magnetic flux density for MRG-P and MRG-S.

Samples Magnetic flux density (T)

Current (A)

0 1 2 3 4 5

MRG-P 70 0 0.192 0.420 0.628 0.783 0.894

MRG-S 70 0 0.164 0.351 0.496 0.744 0.851

MRG-P 50 0 0.191 0.391 0.589 0.753 0.865

MRG-S 50 0 0.158 0.344 0.484 0.699 0.808

MRG-P 30 0 0.185 0.369 0.544 0.693 0.805

MRG-S 30 0 0.154 0.319 0.473 0.622 0.784

https://doi.org/10.1371/journal.pone.0191795.t002
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coil generated a constant magnetic field, where the magnetic flux density of the samples was

measured using a Teslameter that was attached to the device. The direction of the magnetic

field was perpendicular to the direction of the flow. The measuring plate used for the charac-

terisation had a diameter 20 mm with a constant gap of 1 mm. For this test, 1 mL of the MR

grease sample was used to fill the base plate. The measurements of the apparent viscosity and

shear stress were carried out at a shear rate reaching up to 2000 s-1. In the meantime, the visco-

elastic properties in terms of the elasticity and viscosity were evaluated under an oscillation

shear mode. The oscillation shear was carried out at strain amplitude of 1% and excitation fre-

quency of 1.5 Hz. The temperature of the rheometer was controlled by a Viscotherm VT2 so as

to maintain the temperature at 25˚C throughout the experiments. After each experiment, the

MR grease samples were demagnetised to keep the remanence below 1 mT before starting

with a new magnetic field. In addition, the experiment was repeated more than three times to

ensure the consistency of the results. The performance of the MR grease in terms of the yield

stress and MR effect was then calculated.

Experimental results and discussion

Physical properties

Fig 1A shows the anisometric shape of the CI particles which can be considered to be a good

approximation to a plate-like shape. After 40 hours of milling, the particles were flattened into

various plate-like shapes with a more homogenous dispersion. The average size of the plate-

like CI particles was 6.2 μm. On the other hand, the spherical CI particles shown in Fig 1B

were significantly smaller (5 μm) than the plate-like particles. The effect of the different sizes

and shapes of the CI particles also influenced the magnetic properties of the MR grease

samples.

Fig 2 shows the XRD patterns of the spherical and plate-like CI particles at room tempera-

ture. As depicted, the XRD patterns matched the value of the CI particles, as reported in the lit-

erature [11,12,17,19,20]. A series of characteristic peaks was observable at the (110), (200) and

(211) planes of both shapes, and this was attributed to the reflection of the CI particles. In addi-

tion, there were no peaks that corresponded with the impurities present in the plate-like CI

particles after the milling process.

Fig 1. The micrograph of the CI particles. (A) Plate-like shape. (B) Spherical shape.

https://doi.org/10.1371/journal.pone.0191795.g001
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A comparison of the magnetic properties of the plate-like and spherical CI particles is

depicted in Fig 3. In general, the spherical CI particles had a higher magnetisation compared

to the plate-like particles, which were 309.75 emu/g (2.14 T) and 272.5 emu/g (2.19 T), respec-

tively. Nevertheless, the magnetisation of both shapes of CI particles had the same magnetic

saturation at magnetic fields of above 0.5 T (5000 G). As depicted, the trend of this result corre-

sponded with what has been reported in the literature, although the magnetisation value

obtained in this study was slightly higher [19,21]. The difference in the magnetic saturation

depended on the size and shape, despite the fact that the same material was used [22]. The

magnetic saturation of the plate-like CI particles decreased due to the increased oxidation that

occurred inside the particles during the milling process [23]. In addition, the plate-like CI par-

ticles had a higher coercivity and large hysteresis loop region, as can be observed from the

inset in Fig 3. Frequently, the coercivity was linearly dependent on the magnetic anisotropy

and demagnetisation factors, where an appropriate magnetic field was required to shift the

magnetisation direction, depending on the shape of the CI particles [19]. Thus, shape anisot-

ropy of the plate-like CI particles that were magnetised more easily at low applied magnetic

field was attributed to the long configuration of their axes and the formation of stronger chain

structures [24]. The details of the magnetic properties of the plate-like and spherical CI parti-

cles are given in Table 3.

Fig 2. XRD patterns of spherical and plate-like CI particles.

https://doi.org/10.1371/journal.pone.0191795.g002
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Rheological properties under continuous shear mode

Fig 4 shows the measured apparent viscosity versus the magnetic flux density for the MR

grease with different fractions of CI particles at a shear rate of 400 s-1. As expected, the appar-

ent viscosity for both types of MR grease increased with an increase in the magnetic flux den-

sity and CI particle fraction. From the observation, the MRG-P 30 exhibited a higher apparent

viscosity than the MRG-S 30. This outcome was expected to occur in the MRG-P because of

the larger surface contact area, which led to the strong attraction between the plate-like CI par-

ticles [13]. In addition, the strong attraction between CI particles led to their rearrangement

into lines to form chain structures, that were parallel to the applied magnetic field. Besides

that, the magnetisation of the plate-like CI particles between 0.1 to 0.5 T was slightly higher

than that of the spherical CI particles, as shown in the magnetisation curves (Fig 3). The chain

formations became strong and thick as the applied magnetic field increased. As consequence,

Fig 3. Comparison magnetisation curves between plate-like and spherical CI particles. Inset: Enlargement of the hysteresis region at different magnetic flux density.

https://doi.org/10.1371/journal.pone.0191795.g003

Table 3. Magnetic properties comparison between different shape of CI particles.

CI particles samples Coercivity (G) Magnetisation (emu/g) Retentivity (emu/g)

Plate-like 18.55 272.50 1.96

Spherical 8.69 309.75 0.7

https://doi.org/10.1371/journal.pone.0191795.t003
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the gap between the particles decreased, resulting in the formation of hard chain structures,

and indirectly increasing the apparent viscosity of the suspension [10]. In addition to the

inter-particle interaction, a conflict existed between the particles and the viscous force under

the influence of the magnetic field. Thus, the particles moved with difficulty in the grease

medium to align the chain structures under a high apparent viscosity [25]. Generally, the parti-

cle volume concentration is dependent on the strength of the applied magnetic field. On the

other hand, the MRG-P with 50 and 70 wt% of CI particles showed a lower apparent viscosity

compared to the same fractions and magnetic flux density of MRG-S. In this study, the particle

fractions in the MRG-P influenced the saturation point due to the shape anisotropy. This phe-

nomenon happened because the plate-like CI particles had a higher magnetisation at a low

magnetic field intensity (0.1 to 0.5 T), and a lower magnetic saturation when the intensity of

the magnetic field was above 0.5 T compared to the spherical CI particles. In addition, the size

and shape of the CI particles influenced the orientation of the particle chains under on-state

conditions. By increasing the size of the CI particles, the gap between the particles was

reduced, indirectly generating stronger chain structures. In conclusion, the rheological perfor-

mance of the MRGP-50 and MRGP-70 declined as the magnetic field exceeded 0.5 T (3 A) as

compared to the MRGP-30. Moreover, the trend of the rheological properties of the MRG-P

was in agreement with a previous finding [12]. Therefore, the shear strength of the fluid did

not increase even though the magnetic field is increased [22].

Furthermore, the flow curve of shear stress for both MR grease with 70 wt% CI particles

content was examined under the influence of shear rate as shown in Fig 5A. Different magnetic

Fig 4. Apparent viscosity of the MR grease as a function of magnetic flux density.

https://doi.org/10.1371/journal.pone.0191795.g004
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field strengths were applied to examine the effect on the MR grease. As can be seen in Fig 5A,

the graph for both types of MR grease was unstable during the off-state condition. At this state,

the particles were randomly dispersed in the grease medium and easily followed the shearing

direction. Meanwhile, the shear stress of the MRG-S kept fluctuating at 1 A, and gradually

became stable as the applied magnetic field increased. In contrast, the shear stress pattern for

the MRG-P promptly became stable in the presence of a magnetic field. Besides that, the shear

stress of the MRG-P was concentrated earlier at 3 A compared to the MRG-S at 4 A with a

shear rate that was less than 1000 s-1. This phenomenon referred to the maximum current that

was applicable to the samples, which revealed that the saturation points for both shapes of CI

particles started at an applied magnetic field that was higher than 0.5 T. In this study, the

MRGP-70 reached its magnetic saturation at 3 A (0.628 T), while the magnetic saturation of

the MRGS-70 was at 4 A (0.744 T). In addition, this could also have been related to the dipole-

dipole interactions which occurred in the shape anisotropy due to the stimulated magnetic

field, which can only be attained by irregular shaped particles. The shape anisotropy can pro-

duce one or more axes along the long axis of the plate-like particles, depending on the favour-

able direction of magnetisation. Otherwise, the demagnetisation field for the shape anisotropy

is more complex due to the spatial inhomogeneity of magnetisation [26]. As a result, a greater

value of retentivity was stimulated for the plate-like particles due to their easy magnetisation

axis and smaller demagnetisation factor in their long direction [20,21]. This occurrence was in

contrast with to the spherical particles, which are normally aligned based on the isotropic ori-

entation [27].

Fig 5B shows the apparent viscosity patterns of the 70 wt% MRG-P and MRG-S under the

influence of shear rates with the magnetic ramp up. It was found that the apparent viscosity

became greater with an increase in the applied magnetic field strength, and was lowered as the

shear rate increased. This behaviour demonstrated that both types of MR grease exhibited

shear thinning due to the strong and fast deformation of the particle chain structures [3].

Moreover, the characteristics of the grease medium also contributed to the reduction in the

apparent viscosity, which could have brought about effective lubrication at a high frequency

range during the motion of the lubricated surface [7,28]. As can be seen in Fig 5B, the off-state

apparent viscosity of the MRG-P was unstable compared to the off-state apparent viscosity of

the MRG-S due to the very thick composition of the MR grease. It should be noted here that a

slight effect occurred when the parallel-plate of the rheometer slipped during shearing at a

high shear rate. It is necessary to mention that the shearing condition had a greater effect on

the plate-like particles compared to the spherical particles due to their larger surface contact

area [11]. However, the MRG-P had a higher apparent viscosity compared to the MRG-S

when the magnetic field strength was 0.5 T, and the applied current was 3 A. This was due to

the fact that it was easy for the plate-like particles to be magnetised as they were aligned along

their long axis, and it became complex to demagnetise them [19]. As consequence, faster mag-

netisation occurred, and strong solid chain structures were formed below the saturation point.

It can be concluded that the stability of the MR grease was expressed under the shearing

conditions.

The value of the yield stress can be determined either by extrapolating the shear stress at

zero shear rate, which is known as static yield stress, or by characterizing the shear stress with

respect to the rheological model, which is recognized as dynamic shear stress. In this work, the

dynamic yield stress was determined using a Bingham plastic rheological model [29]. In this

model, the shear stress is given by

t ¼ ty þ Z _g t � ty ð1Þ

Magnetorheological grease
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Fig 5. Comparison of 70 wt% MRG-P and MRG-S under variation of shear rates and magnetic fields. (A) Shear stress. (B) Apparent viscosity.

https://doi.org/10.1371/journal.pone.0191795.g005
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where τ denotes the shear stress, τy is the yield stress as a function of the magnetic field, η is the

apparent viscosity, which represents the slope of the shear stress and shear rate curve at a

higher shear rate, and _g is the shear rate. The Bingham model was fitted to the experimental

data. The MRG-P with 30 wt% of CI particles showed the highest yield stress during the off-

state and at low applied magnetic fields (< 2A) compared to the MRG-S. In the meantime, the

MRG-P with 50 and 70 wt% of CI particles displayed a higher yield stress at applied magnetic

fields above 3A. This was due to the high composition of the CI particles, which led to an

enlargement of the surface contact area, thereby indirectly reducing the void ratio where the

pre-chain structures were formed [19,30]. As the particles were fully packed with high induced

magnetic polarisation, the friction force became more dominant [10,31]. Therefore, a high

yield stress was required to break the bonds of the chain structures so that the fluid could flow.

In contrast, the yield stress of the MRG-P incorporated with 30 wt% of plate-like CI particles

was reduced at a higher applied magnetic field due to the increasing void ratio, where the par-

ticles did not completely fill in the grease medium, resulting in the loosening of the chains in

the MR grease concentration [32]. The particles were not saturated to form pre-structures

even though the gap between the particles was small to allow free orientation movement,

defined as the damping effect [10]. Moreover, the friction force in the MRG-P became less pre-

dominant as the magnetic field strength increased due to the large surface contact area com-

pared to the MRG-S. Thus, less yield stress was required for the fluid to flow in the MRG-P.

Dynamic properties under oscillation mode

The dynamic properties of the MRG-P and MRG-S, such as the elastic and dissipation energy,

were investigated under oscillation using a shear rheometer. Fig 6A and Fig 6B present the

storage modulus, G’ and the loss modulus, G”, respectively, with respect to the magnetic field

strength at a constant strain amplitude of γ = 1% and frequency of 1.5 Hz. The G’ and G”

showed increasing trends as the magnetic flux density increased for both types of MR grease.

This phenomenon indicated that the G’ seemed inclined to saturation due to the nonlinear vis-

coelastic behaviour at a high magnetic flux density [33]. However, the G” values of the MRG-P

and MRG-S were lower than the G’ values. At this point, the formation of chain structures pre-

dominated over the deformation process. It was evident that the G’ was dominantly dependent

on the strength of the CI particle chains, which were formed at a higher magnetic flux density.

Fig 6. Moduli of the MRG-P and MRG-S in magnetic flux density domain. (A) Storage modulus. (B) Loss modulus.

https://doi.org/10.1371/journal.pone.0191795.g006
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The dipole-dipole attractive interactions between the CI particles gradually increased with

an increase in the magnetic flux density, which led to the enhancement of the stiffness

[10,15,28,29]. In comparing the two types of MR grease, the MRG-P, which was incorporated

with 30 and 50 wt% of plate-like CI particles, had a higher G’ compared to the MRG-S with the

same fractions. Meanwhile, the G’ of the MRG-P 70 declined compared to the MRG-S 70. This

was due to the appearance of strong magnetic interactions between the particles, which indi-

rectly reduced the void ratio at the low and medium applied magnetic fields [34]. Similarly, the

viscosity trend with stronger structures was less noticeable for the plate-like CI particles with

high concentrations and high applied magnetic fields.

The effects of the strain amplitude on the G’ and G” for different fractions of MRG-P and

MRG-S are illustrated in Fig 7A and Fig 7B. The applied magnetic field was kept constant at 3

A to determine the linear viscoelastic (LVE) region for both types of MR grease. The G’ of the

MRG-P and MRG-S shifted to higher values with an increase in the CI particle fractions,

thereby indicating strong viscoelastic behaviour [19]. Based on the graph shown in Fig 7A, it

was observed that the G’ of the MRG-P dropped at strains of<0.03%, while the G’ of the

MRG-S declined at strains of<0.1% owing to the strong Payne effect caused by the disintegra-

tion of the particle chains when a large strain amplitude was applied [35]. In addition, the dif-

ferent shapes of the CI particles influenced the range of the strain amplitude that was applied

on the samples. As can be seen in Fig 7B, the G” was smaller for the MRG-P and MRG-S at

strains of<0.1%, and suddenly increased when the strain exceeded 0.1% at the same applied

magnetic field. In contrast, the G” of the MRG-S vigorously fluctuated compared to the G” of

the MRG-P at a low strain. It apparently showed that the dissipation energy of the spherical

shaped CI particles was higher compared to the plate-like CI particles owing to the different

shape anisotropy.

The performance of the MRG-P and MRG-S under an oscillatory shear mode was mea-

sured by the relative MR effect. In this work, the relative MR effect was calculated from the

storage modulus using the following equation [36]:

MR effect ¼
G0 � G00

G00
x100 ð2Þ

From the graph in Fig 8, the MRG-P incorporated with 30 wt% of CI particles produced

an MR effect of 52.5%, which was higher than the MR effect of 46.68% of the MRG-S at a

Fig 7. Moduli for various fractions of the MRG-P and MRG-S plotted as function of strain amplitude at 3A. (A) Storage modulus. (B) Loss modulus.

https://doi.org/10.1371/journal.pone.0191795.g007
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magnetic field intensity of 0.7 T. However, the MR effect of the MRG-P with high fractions of

CI particles was lower compared to the MRG-S at the same applied magnetic field intensity

(0.7 T). The MR effects of the MRG-P incorporated with 50 and 70 wt% of CI particles were

155.52% and 728.35%, respectively. In the meantime, the MR effects of the MRG-S with 50

and 70 wt% of CI particles were 205.94% and 952.38%, respectively. As mentioned earlier, the

performance of the MR grease is dependent on the fraction, size and shape of the CI particles

used as well as the applied magnetic field strength [9]. The higher fractions of CI particles had

a higher MR effect due to the alignment of the particles in the chain structures that became

more closely packed. The chain alignment of the CI particles was more likely to be anisotropic,

thereby improving the interaction of the particles due to the magnetic polarisation induced

between the applied magnetic field and the suspended CI particles [6,15,19] This phenomenon

indirectly enhanced the elastic modulus, which promoted a higher MR effect.

Conclusion

In this work, plate-like CI particles were made from spherical CI particles using the ball milling

process. Different fractions of the plate-like (MRG-P) and spherical (MRG-S) CI particles

were utilized for making MR grease through a mixing process to investigate their rheological

properties with respect to the magnetic field. The comparative changes in the MR performance

between the MRG-P and MRG-S were experimentally evaluated via a rotational and oscillatory

shear rheometer. It was observed that the CI particle fraction had a significant effect on the

Fig 8. Comparison of the MR effect between MRG-P and MRG-S with different CI particles fractions.

https://doi.org/10.1371/journal.pone.0191795.g008
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magnetic field-dependent rheological properties, particularly under the influence of a mag-

netic field. The clear observations for the two different shapes of particles in the MR grease can

be summarized as follows.

1) It was observed that the lower volume fractions were required in the MRG-P to produce

a higher yield stress and MR effect, and better lubrication properties, while the higher volume

fractions were required in the MRG-S. Thus, the MRG-P is more appropriate than the MRG-S

for use in applications such as vibration control devices that require a high yield stress and MR

effect at low magnetic fields of below 0.5 T with low fractions.

2) It was identified that the viscosity and storage modulus of the MRG-P and MRG-S

increased with an increase in the magnetic field strength due to the orientation of the particles

into strong chain structures. The MRG-P, in particular, had higher viscous and elastic proper-

ties at low fractions due to the magnetisation of the axis, in which a reduction in the void ratio

was attained. This of course, occurred due to the larger surface contact areas of the plate-like

particles. Meanwhile, the MRG-P and MRG-S had a limited LVE region at strains of above

0.03% and 0.1%, respectively. This phenomenon indirectly led to a low Payne effect.

Finally, it should be mentioned that a comparative work on the control performances of

application devices using two different types of MR grease featuring plate-like and spherical CI

particles will be conducted as the second phase of this work.
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