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ABSTRACT

This work studies the effects of loading various functionalized multiwall carbon

nanotubes (carboxyl, –COOH-MWCNTs) on the morphological and the field-

dependent rheological properties of magnetorheological elastomers (MREs). A

new type of MRE, which is reinforced by various loading from 0 to 1.5 wt% of

COOH-MWCNT, is fabricated and experimentally investigated. The morphol-

ogy of COOH-MWCNT and MRE with COOH-MWCNTs is characterized using

field emission scanning electron microscopy and transmission electron micro-

scopy. The results indicate that the COOH-MWCNTs are well embedded and

dispersed randomly in the MRE structures. The rheological properties under

different magnetic fields are evaluated using parallel plate rheometers. The

influence of COOH-MWCNT content on the viscoelastic performance of the

MRE is systematically investigated. It is found that when a higher content of

COOH-MWCNT (up to 1.0 wt%) is added in the MRE, the MRE exhibits a

higher MR effect of up to 17.5%. It is also shown that COOH-MWCNT acts as a

reinforcing agent that leads to an enhancement in MR performance.

Abbreviation

MR Magnetorheological

MRE Magnetorheological elastomer

MRF Magnetorheological fluid

MRG Magnetorheological grease

NR Natural rubber

SMR Standard Malaysia rubber

CIP Carbonyl iron particle

COOH-MWCNT Carboxyl multiwall carbon

nanotubes

EPO Epoxidized palm oil

G0 Storage modulus

G0
0 Storage modulus (without

magnetic field)

FESEM Field emission scanning electron

microscopy
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TEM Transmission electron

microscopy

MRD Magnetorheological device

DG Magneto-induced modulus

Introduction

For the last two decades, magnetorheological (MR)

materials such as MR fluids (MRFs), MR elastomers

(MREs), MR grease (MRG) and MR foam have been

extensively studied as smart materials for vibration/

impact control or position control in both industrial

and academic areas due to their inherent character-

istics, such as property controllability with a fast

response time [1–10]. Among those smart materials,

MRE has attracted the most interest since it exhibits a

desirable performance due to the stability of the

magnetizable particles in the matrix. It also involves

simpler material handling, without leaking or sedi-

mentation [11, 12]. MREs always operate in a pre-

yield regime, as the field-dependent modulus is

usually used to characterize the strength of the

responsive field. MREs mainly consist of rubber as a

matrix, and ferromagnetic particles. Several

researchers have found that the critical factors that

affect MRE properties are matrix material, magneti-

zable particles and additives [13–17]. In the stage of

synthesizing a MRE, the selection of matrix plays an

important role as it contributes to its mechanical and

rheological behaviour. This, in turn, would affect its

design and performance. Generally, rubber is used as

a matrix in MRE due to its high and reversible

deformability [18]. In addition, rubber consists of

polymer chains, which are frequently used to inter-

lock the magnetic particles during curing [19]. Sev-

eral types of rubber, including natural rubber (NR)

[20, 21], epoxidized natural rubber (ENR) [2, 22, 23]

and silicone rubber (SR) [24–28], are widely used as

matrix for MREs [29–31]. Rubber is an originally non-

magnetic material whose modulus properties are

constant throughout any applied magnetic field.

Since the essential modulus and strength of neat

rubber is low, an additional reinforcing phase is

necessary for the practical use of MRE materials.

Carbon black (CB) is frequently used as filler when

fabricating the MRE. Chen et al. [33] fabricated dif-

ferent ratios of 0–7% of CB on anisotropic MRE based

on NR samples. The study has shown that the MRE

samples with 7% of CB have a higher relative and

absolute MR effect (104%) as compared to other

samples. Furthermore, the addition of CB as an

additive lead to a well-bound microstructure result-

ing in improvement in mechanical properties and

lower damping ratios.

Apart of CB, there are a few other fillers have been

explored recently by researchers to obtain an opti-

mum performance of the MR effect for various

applications, especially in vibration isolators

[20, 32, 33]. For instance, the addition of montmoril-

lonite and SiC nanoparticles into rubber shows that

some improvements in the mechanical properties and

affect also contribute to the MRE performance

[20, 33, 37–39]. Wang et al. developed a group of

MREs with different contents of 60-nm SiC

nanoparticles: 0, 1, 2, 3, 4 and 5 wt% as an additive.

The MR effect, the maximum storage modulus and

the magneto-induced storage modulus increased

when the SiC content reached 4 wt% and decreased

sharply after the SiC nanoparticle content exceeded

4 wt% [46]. Besides filler, plasticizer is also an

important additive in improving MRE performance.

Khairi et al. [22] fabricate MRE with 60 wt% CIP and

with various loading of 0–10% sucrose acetate

isobutyrate ester (SAIB) as an additive in order to

soften the matrix and improve the MRE performance.

The results revealed that with the addition of 7.5%

SAIB, the MR effect increased up to 22.9%. The

physicochemical of MREs was enhanced with the

addition of SAIB ester which showed that the softer

matrix helped to homogenously disperse the CIP

during the mixing process.

Currently, nanoparticles have attracted the atten-

tion of researchers due to their high surface area and

their strongly interconnectivity in three-dimensional

networks at relatively low filler loadings [34–38]. To

this end, few investigations involving small magnetic

filler loading of nanoparticles have been carried out

in MREs. Landa et al. fabricated 2% of 360 nm of

nickel nanoparticles and nanochains in MRE sam-

ples. Their study revealed that the anisotropy effects

in both magnetic and elastic properties in the mag-

netorheological PDMS-Ni composites are larger

when using nanochains as fillers [39]. Meanwhile, Li

et al. [37] fabricated 20% CIP with 1 wt% of multiwall

carbon nanotubes (MWCNT) and the authors found

that the initial modulus increased as MWCNT load-

ing increased compared to conventional MREs. Fur-

ther, the author continued to investigate the dynamic
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mechanical response of MR nanocomposites using 1

and 3.5 wt% of MWCNT in RTV silicone rubbers. At

all dynamic compression and shear tests, MR

nanocomposites showed higher zero-field stiffness

and damping along with greater magnetic field-in-

duced increasing dynamic mechanical properties,

especially with 1 wt% of MWCNT. However, with an

addition of 3.5 wt% of MWCNT, the MRE did not

constantly exhibit higher dynamic stiffness and

damping properties as compared to 1.0 wt%

MWCNT which most likely resulted from the defects

of specimens due to fabrication issues [36]. Aziz et al.

investigated the viscoelastic properties of different

types of MWCNT and their effects on MR perfor-

mance. The results have revealed that by adding

0.1 wt% of COOH-MWCNT, the magnetic properties

are improved with parallel enhancement of MR

effects, particularly at low strain amplitudes [40].

This is because functionalized carboxyl MWCNTs

exhibit better interfacial bonding properties, and

better dispersion compared to MWCNTs. It is known

that the extent of the improvement generally depends

on several parameters related to the additives

including the aspect ratio, the state of dispersion and

the surface chemical characteristics. These parame-

ters determine the interaction between the filler/ad-

ditive and the polymer chains, and thus the interface

with the polymer-filler system [34, 35].

As reviewed from the above literature, a compre-

hensive assessment about the functionalized carboxyl

MWCNT (COOH-MWCNT) needs to be further

investigated. A study on various loadings of COOH-

MWCNT as additives towards MREs and its opti-

mum performance of COOH-MWCNT in terms of

physicochemical and viscoelastic properties of MRE

have not been reported yet in this research area.

Consequently, the main technical contribution of this

work is to investigate various loading of COOH-

MWCNT for the fabrication of isotropic MREs and

demonstrate the wide controllability of the field-de-

pendent rheological properties. In order to achieve

this goal, firstly, several samples of the NR-based

MRE were fabricated using 0–1.5 wt% of COOH-

MWCNT. Morphology of the COOH-MWCNT and

the fabricated proposed MRE samples containing

COOH-MWCNT have been analysed. Subsequently,

the influences of the magnetic field, excitation fre-

quency and strain amplitude of the field-dependent

rheological properties of various loadings of COOH-

MWCNT in MREs are thoroughly investigated

through the dynamic oscillation shear test. It is

shown that a controllable storage modulus and loss

factor can be easily obtained by tuning the magnetic

intensity and adjusting contents of COOH-MWCNT.

Samples preparation and test methods

Preparation of MREs

The natural rubber (NR) (SMR-20) produced by the

Malaysian Rubber Board was used as a matrix for the

MRE samples. Carbonyl iron particles (CIP) were

utilized as magnetic particles with an average diam-

eter of 6 lm and were purchased from BASF Ger-

many. The functionalized multiwall carbon

nanotubes (COOH-MWCNT) were supplied by

Shenzhen Nanotech Port Co Ltd in China. The purity

of COOH-MWCNT is [ 95% and its outside diam-

eter is 20 nm, respectively. The length of this COOH-

MWCNT is 10–30 lm. Epoxidized palm oil (EPO)

was applied as a medium to disperse CIP and

MWCNTs. Sulphur was used as a vulcanization

agent with other additives for MRE fabrication.

The COOH-MWCNT with different weight ratios

of 0.1, 0.5, 1.0 and 1.5 wt% were sonicated in the

epoxidized palm oil (EPO) (Rovpro 5301, Rovski

Industries Sdn. Bhd) for 20 min with 4 s on and 2 s

off pulse using the horn-type ultrasonicator (FB 705,

Fisher Scientific (M) Sdn Bhd, Malaysia) to break the

van der Waals interaction. Secondly, using the dou-

ble-roll mill, 100 grams of NR was rolled between

two 6-inch open rollers at a fixed temperature of 25�
separated by 2.0 mm and moved through the roll mill

for 10 min. Finally, rubber additives were then added

into the mixer, followed by CIPs and COOH-

MWCNTs. The EPO was poured in the mix for 5 min.

In order to avoid a premature cross-linking reaction,

the sulphur and accelerator were put towards the end

of the mixing process. Subsequently, the mixing was

passed through the double-roll mill seven times for

homogenization. The formulation of the MRE sam-

ples is given in Table 1.

Morphological and rheological
characterization

The morphology of the COOH-MWCNT was exam-

ined through a transmission electron microscopy

(TEM); Joel, JEM-2100 Plus, Japan with a
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magnification of 5000X at an accelerating voltage of

5 kV. The preparation sample of COOH-MWCNT

was generally almost the same as reported by another

researcher [41]. Some ethanol was dropped on the

COOH-MWCNT films, and these films were trans-

ferred to the carbon-coated grip with a pair of

tweezers. The MRE samples were prepared using

Leica FC6 cryo-ultramicrotome. The sample was cut

into slices of 60 nm thickness using a diamond knife.

In addition, the field emission scanning electron

microscopy (FESEM); Supra 40VP-31-31, Germany.

The samples were coated with gold for the FESEM

analysis and analysed by using 20009 magnification

at the accelerating voltage of 2 kV.

Rheological behaviours of the fabricated MRE

samples were examined by using an MR device

(MRD 170) in the oscillation state (Physica MCR 302,

Anton Paar, Germany). Circular samples with a

diameter of 20 mm and thickness of 1 mm were

prepared and subjected to shear tests using a rotary

disc with frequency sweep tests from 0.1 to 100 Hz

with a constant strain of 0.06% and strain sweep tests

from 0.01 to 25% with a constant frequency of 1 Hz.

The magnetic fields were varied in the intervals of 0,

1, 2, 3, 4 and 5A which correlate to 0, 186, 336, 508,

643 and 747 mT. The experiments were conducted at

ambient temperature. The rheological experiments

for all MRE samples were repeated three times to get

consistent experimental results. The average from the

data analysis was taken as a result of this study.

MR effect results and discussions

Morphological evaluation

Figure 1 shows the TEM images of COOH-MWCNTs.

The COOH-MWCNTs show random curly or entan-

gled structures and possess high aspect ratios with an

outer diameter of about 20 nm. From the figure, the

COOH-MWCNTs have a uniform diameter distribu-

tion and contain no obvious deformity in the struc-

ture. In addition, it can be noticed from the images

that all the nanotubes are hollow cores with several

layers of graphitic carbon and they are tubular in

shape. The individual nanotubes can be highly

entangled with one another and form interconnecting

structures as shown in Fig. 1(b).

The TEM images of the cross-sectional cryofracture

surface of the MRE samples with 0.1 wt% of COOH-

MWCNT at 10,0009 magnification are shown in

Fig. 2. From the picture, the microstructure and dis-

persion of COOH-MWCNTs were observed. At

higher magnifications, the individual nanotubes were

clearly observed at low nanotube loadings. They are

homogenously dispersed and distributed in MRE

samples. Meanwhile, the prominent black regions

visualized indicate an interlocking structure of bun-

dles of COOH-MWCNTs which are similar to the

ones previously reported by Petriccione et al. [42]. It

is suggested that the COOH-MWCNTs were

embedded, debundled and distributed throughout

the matrix as a result of functionalized MWCNTs.

Table 1 Formulation of the

MREs samples Compounding ingredients Weights (g)

MRE-1 MRE-2 MRE-3 MRE-4 MRE-5

SMR 20 100 100 100 100 100

ZnOa 5 5 5 5 5

Stearic acid 2 2 2 2 2

CIP (wt%) 30 30 30 30 30

COOH-MWCNT (wt%) 0.1 0.5 1.0 1.5

Epoxidized palm oilb 10 10 10 10 10

Santoflex 13c 1.5 1.5 1.5 1.5 1.5

Sulphur 2.5 2.5 2.5 2.5 2.5

CBSd 1 1 1 1 1
aZinc oxide (activator)
bProcessing oil
cAntiozonant and synthetic polymer stabilizer
dN Cyclohexylbenzothiazole-2-sulphenamide (accelerator) (Rubber and rubber additive supplied by

Malaysian Rubber Board.)
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The results are in accordance with Qui et al. [43] in

which the functionalized MWCNTs showed better

dispersion and compatibility in rubber as compared

to MWCNTs. The dispersion state of COOH-

MWCNTs was one of the keys for the enhancement

of rheological properties. Similar results have been

reported by Kong et al. for TPNR/functionalized

MWCNTs composite. The existing functional groups

attached to the surface of MWCNTs react with the

matrix during the curing process and contribute to

improvements in the interfacial interaction. This

leads to the composites having a higher strength and

assists in increasing the dispersion and homoge-

nization of the COOH-MWCNT in MREs [44].

Rheological properties of frequency swept
of MRE

Figure 3 presents the frequency dependencies of the

storage modulus for all MRE samples. It is apparent

that the MRE without COOH-MWCNT exhibits a

lower storage modulus at all frequency sweeps and

magnetic field strengths as compared to MREs with

different loadings of COOH-MWCNTs. Upon addi-

tion of 0.1–1.5 wt% of COOH-MWCNTs in MRE

samples, all samples exhibit the increment of the

initial storage modulus in the off state (from 3.4 to

5.49 MPa) and on state (0.5 T) from 4.3 to 5.5 MPa,

respectively. Meanwhile, for the maximum storage

modulus, the higher the COOH-MWCNTs content,

the higher the increment of the storage modulus in

off-state and on-state conditions which are shown in

Fig. 3a, b, respectively. The increment of storage

modulus towards the frequencies (0.1–100 Hz) and

magnetic fields (0 and 0.5 T) resulted in the

enhancement of bonding between COOH-MWCNTs,

CIP and matrix which lead to the enhancement of

storage modulus. The highest increment of storage

modulus in the sweep frequency can be seen from the

MRE with 0.5wt % of COOH-MWCNT, for which in

the off-state condition, the initial storage modulus

was 4.6 MPa and in the on-state condition, it

increased to 5.0 MPa. However, when the increments

of COOH-MWCNTs content go above 1.0 wt%, the

initial storage modulus is approximately unchanged

at its off-state and 0.5-T condition.

In contrast to the storage modulus that increased

with the increasing of a magnetic field, the loss factor

shows decreasing trend as the magnetic field

increased. In the off-state condition, the MRE without

COOH-MWCNTs showed unique findings as the loss

factor is lower compared to MREs with 0.1 and

0.5 wt% COOH-MWCNTs. The increase in loss factor

should be observed with an increase in the content

COOH-MWCNTs, but this result is not observed in

our work. The slight decrease in loss factors for MREs

without COOH-MWCNTs might be related to the

localized dispersion of CIPs in MREs, as reported by

Silva et al. [45]. The presence of CIPs acts as an

obstacle for the movement of molecular chains of

Figure 1 TEM images of COOH-MWCNT a at low resolution

b at high resolution.

Figure 2 TEM images at 10,0009 of COOH-MWCNT in MRE

sample.
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polymers in higher frequencies which leads to the

decrement of loss factors as shown in Fig. 4. For

instance, in Fig. 4b, the MRE with 0.1 wt% COOH-

MWCNT exhibits a higher loss factor with an incre-

ment in frequency compared to the other samples.

This is due to the agglomerations that appear, as

reported in our previous report, which leads to a

higher loss factor compared to MRE samples without

COOH-MWCNT [46]. Nevertheless, at the on-state

condition of 0.5 T, the loss factor of MRE samples

with a 0.5–1.5 wt% content of COOH-MWCNT

showed decrement trending at all frequencies

compared to the off-state conditions. It is obvious to

see that at higher frequencies above 10 Hz to 60 Hz,

all the MRE samples exhibit higher loss factors

compared to their off-state conditions. This phe-

nomenon might be related to the role of COOH-

MWCNTs as additives in the MRE samples. In this

state, the COOH-MWCNT plays an important role

due to the higher specific area and it is reasonable to

assume that a higher content of COOH-MWCNT will

lead to better rubber–filler interactions. Therefore,

more energy dissipation of internal friction between

the CIP and COOH-MWCNT phases occurred in

Figure 3 Storage modulus vs frequency at a 0 T and b 0.5 T for different ratios of COOH-MWCNT.

Figure 4 Loss factor vs frequency at a 0 T and b 0.5 T for different ratios of COOH-MWCNT.
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relative motion, which therefore improved the inter-

face damping [34]. At higher frequencies of 60 Hz, all

the MRE samples exhibited a sharp decrement in loss

factors in both off-state and on-state conditions. A

possible explanation towards this phenomenon is the

molecular deformation and rearrangement changes

as the loss factor is strongly dependent on the

movement, alignment and deformation of the parti-

cles. High frequencies might slowdown the time-

scales of these CIPs and COOH-MWCNTs relaxation

and rearrangements that are free to reorient in an

external field. These contribute to less friction at

higher frequencies. This trend is quiet similar to the

trend reported by Ondreas et al. [47] which found

that with a longer the relaxation time, loss factors

occur less with increases of frequency at a constant

strain amplitude.

Rheological properties of strain swept
of MRE

The variation in storage modulus versus strains with

respect to COOH-MWCNT loading is represented in

Fig. 5. The relationship between the storage modulus

and the strain is important in order to study the filler

network structure [48]. Therefore, as shown in Fig. 5,

at zero-field magnetic fields, the initial storage mod-

ulus of all the MRE samples increased paralleling the

increments of COOH-MWCNT loading at a zero

magnetic field and 0.5T. However, the gradual

decrease in storage modulus was observed for all

MRE samples with an increase in strain amplitude,

which is related to filler networks breaking down

[49]. By comparing MRE samples at different com-

positions, it can be concluded that the dynamic vis-

coelastic properties have strain dependence. This is

called the Payne effect. The Payne effect revealed that

the storage modulus value is largely recoverable

upon returning to smaller amplitudes. At 0 T,

1.0 wt% of COOH-MWCNT exhibits the highest

storage modulus at about 0.53 MPa, meanwhile at

0.5 T, 0.5 wt% showed the highest storage modulus

of 0.50 MPa compared to MREs without COOH-

MWCNTs which showed a lower storage modulus

for both conditions of 0 and 0.5 T. These results agree

well with Subramaniam et al. [50], who reported that

the well-developed three-dimensional filler network

was formed due to well-dispersed additive/fillers

and leads to an increment in storage modulus. In

addition, this increment in storage modulus can also

be attributed to stronger interactions between

COOH-MWCNTs particles and matrices, which

make the samples more resistant to deformation.

However, the initial storage modulus of 1.0 and

1.5 wt% decreased at a higher magnetic field strength

of 0.5 T as compared to 0 T, from 0.53 to 0.49 and 0.51

to 0.49 MPa. Due to a higher loading of COOH-

MWCNT, the nanotubes not only fill the void

between the CIP but at the same time, begin to hinder

the chain structures formed by the CIP as larger

numbers of nanotubes get stuck between the

Figure 5 Storage modulus vs strain at a 0 T and b 0.5 T for different ratios of COOH-MWCNT.
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microparticles. This phenomena has been reported

and agreed as well by Yu et al. [34].

Loss factor or tan d, defined as the ratio of loss

modulus to storage modulus, is an important

parameter in characterizing the macromolecular vis-

coelasticity and the damping capacity of MRE mate-

rials. Figure 6 shows the relationship between loss

factor and strain for all MRE samples at both 0 and

0.5 T. All the MRE samples exhibit a smaller loss

factor, which refers to small energy dissipation in the

MRE samples. The loading of COOH-MWCNT in a

MRE influences its damping property. The loss factor

graph shows a decreasing graph with increase in

COOH-MWCNT loading, indicating that there is a

reduction in heat build-up and damping capability of

MREs with COOH-MWCNTs loading [41]. MREs

with 0.1, 0.5 and 1.5 wt% of COOH-MWCNTs show

the highest loss factors at higher strains ([ 10%) as

compared to MREs without COOH-MWCNTs. Nev-

ertheless, the loss factor of MRE samples containing

1.0 wt% COOH-MWCNTs, exhibit lower loss factors

compared to other MRE samples. Obviously, the

addition of CNTs up to 1.5 wt% gives a higher loss

factor at higher strain. Above this level, the loss factor

is reduced. The loading of COOH-MWCNTs in MREs

influences the loss factor, which is related to the

damping capability. This result is parallel to the

previous study done by Liu et al. [42] in which the

higher content of COOH-MWCNTs loading

increased the maximum damping properties. This is

attributed to the stick–slip mechanism, and the

frictional sliding of CIP and COOH-MWCNT toge-

ther with COOH-MWCNT and matrix interactions.

Rheological properties for sweep current

Figure 7 depicts the relationship between the mag-

neto-induced storage modulus and different loadings

of COOH-MWCNTs at various magnetic field

strength. All MRE samples exhibit increment parallel

with the increment of magnetic field strength. The

magneto-induced storage modulus is enhanced from

0.38 to 0.46, 0.39 to 0.45, 0.42 to 0.48, 0.46 to 0.54 and

0.43 to 0.46 MPa for MRE without COOH-MWCNT,

0.1, 0.5,1.0 and 1.5 wt% COOH-MWCNT loading,

respectively. These results appear to be that the

storage modulus is dependent on the COOH-

MWCNT loading. When a certain magnetic field

strength is imposed, the CIP and COOH-MWCNTs in

the MRE samples exhibit magnetic-induced force

between particles which provide a resistance defor-

mation, resulting in a change of shear modulus.

As the total number of particles or voids in rubber

or MREs matrix is enormous, even small modifica-

tions of their local environment will add up to

influencing macroscopic (mechanical) performance.

These effects and the resulting micromechanical

deformations during the deformation of filled mul-

tiphase polymers voids or pores were initiated either

by cavities inside the rubber particles or by debond-

ing at the matrix–particle interface. The numerous

voids tend to favour the plastic deformation

Figure 6 Loss factor vs strain at a 0 T and b 0.5 T for different ratios of COOH-MWCNT.
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phenomena, e.g. crazing or shear band formation in a

polymeric matrix at and between rubber particles.

This kind of similar phenomenon has been reported

previously by Michler et al. [51]. In this case, as the

size of COOH-MWCNT is between 10 and 20 nm and

lower in content, it reacts as a real toughening agent

[51]. In this case, as the COOH-MWCNTs size is

between 20 nm, and lower in content, it reacts as a

real toughening agent [51], as the COOH-MWCNTs

is homogeneously dispersed as shown in Fig. 2. The

COOH-MWCNT occupied the void of CIP in MRE

thus strengthening the chain-like structures in MRE

as shown in Fig. 8. However, at a higher content of

1.5 wt% COOH-MWCNT, it began to hinder the

chain structure formed by the spherical particles as

higher loading of COOH-MWCNT created higher

van der Waals force between fillers which reduces the

particle mobility as shown in Fig. 9b.

Therefore, the CIP in matrix shifted hard to form

the chain-like structures in the direction of the

applied magnetic field. This resulting in a low dis-

tribution of COOH-MWCNTs in MRE matrix thus

created a reduction in storage and magneto-induced

modulus. It is also believed that this interference of

the CIP-COOH-MWCNT in the chain-like structures

is the reason of the decrement in MR effect at 1.5 wt%

COOH-MWCNT content.

The modulus changes in viscoelastic properties of

MRE when subjected to a magnetic field are defined

as MR effect. The MR effect is related to the magnetic

particles tendency to change their position under the

influence of applied magnetic field. The movement of

particles resulted in an increment of stiffness and

shear modulus in MREs. Additionally, the interac-

tions between particles in magnetic field also intro-

duce a deformation in matrix due to their attractions

to each other and consequently increase the stiffness

of the material and shear modulus. The MR effect can

be described by both absolute and relative MR

effects. The absolute MR effect (DG) is calculated

using the difference between the initial modulus G0
0

(zero-field modulus) and the maximum shear mod-

ulus, G0
max achieved with the applied of a magnetic

induction during the test. The absolute MR effect can

be described by:

DG ¼ G0
max�G0

0 ð1:1Þ

The relative MR effect is defined as the ratio of

absolute MR effect to the initial modulus. The equa-

tion is as follows:

MReffect ¼
G0

max � G0
0

G0
0

� 100% ð1:2Þ

The effect of the absolute and relative MR effect of

various loading of COOH-MWCNT was investigated

as shown in Table 2.

The MR effect of MRE samples increased with the

increasing of COOH-MWCNT content up to 1.0 wt%.

Clearly, there is reinforcement as evidenced by con-

siderable improvements in stiffness and absolute MR

Figure 7 The magneto-induced storage modulus of the MRE

samples at different contents of COOH-MWCNT and magnetic

flux densities.

Figure 8 Schematic diagram

of partial substitution by

COOH-MWCNTs in MRE

samples.
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effect with the COOH-MWCNT loading. From all the

MRE samples, the 1.0 wt% of COOH-MWCNT exhi-

bits higher MR effect of 17.5% as compared to other

MRE samples. This is due to by mixing two different

shapes of materials, which will create a synergistic

effect in which the COOH-MWCNT was in contact

with the CIP and will fill the void of CIP. Therefore, it

is assumed that during the current sweep of shear

mode test, the COOH-MWCNTs would vibrate and

migrate towards the CIPs and matrix phase and form

new reinforcement mechanism to increase the

magneto-induced modulus of the MRE samples as

shown in Fig. 10.

The reinforcement mechanism of COOH-MWCNT

in MRE is related also to the rubber bound that

occurs dependence on the loading of COOH-

MWCNTs. The almost same phenomena also have

been reported by few researchers such as Yang et al.,

Mordina et al. and Hong et al. [52–54]. In addition, at

higher loading COOH-MWCNTs, more interaction

will occur between filler and filler compared to filler

and matrix which also has been reported by another

researcher in the previous study of composites

material [55]. However, at 1.5 wt% COOH-MWCNT,

the MR effect decreased sharply which might be due

to the presence of aggregates increasing at higher

filler loading as shown in Fig. 9(b). Further experi-

mental and theoretical studies related to the rein-

forcement mechanism will need to perform to

confirm this trend and hypothesis.

Conclusions

In this work, experimental investigation on various

loadings of 0–1.5 wt% of COOH-MWCNT in iso-

tropic MREs has been carried out. The functional-

ization of MWCNTs has more potentials to be

utilized in MRE due to the improvement and uniform

Figure 9 Dispersion of CIPs and COOH-MWCNTs at higher

filler loading of a 1.0 wt%.

Table 2 Absolute and MR

effect of MRE samples at

various loading of COOH-

MWCNT

Samples Initial modulus, G0 (MPa) Absolute MR effect, DG0 MR effect (%)

Without COOH-MWCNT 0.3827 0.0398 10.4

0.1 wt% COOH-MWCNT 0.3993 0.0547 13.7

0.5 wt% COOH-MWCNT 0.4190 0.0615 14.3

1.0 wt% COOH-MWCNT 0.4614 0.0809 17.5

1.5 wt% COOH-MWCNT 0.4304 0.0327 7.6

Figure 10 The reinforcement mechanism interaction in MRE.
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dispersion between matrix-CIP and functionalized

COOH-MWCNT. Furthermore, a strong interfacial

bonding between COOH-MWCNTs and matrix as

well as a strong interaction between COOH-MWNTs

and CIPs have been observed through micrograph

analysis. The added COOH-MWCNTs are capable to

enhance the viscoelastic properties of MRE. In addi-

tion, the viscoelastic properties of MRE with COOH-

MWCNTs have showed a greater initial zero-field

storage. Whilst, in another condition, the properties

have revealed a bigger storage modulus at a higher

loading when the magnetic fields strength is

increased. Even though, the applied magnetic field is

rapidly increased, the loss factor of MRE with

COOH-MWCNTs is slowly decreased. As in com-

parison with the traditional MREs, the additional of

COOH-MWCNTs help to improve the initial modu-

lus, magneto-induced modulus and damping prop-

erty of MREs. However, these improvements can be

achieved at optimum value of 1.0wt % of COOH-

MWCNTs, before the viscoelastic properties of MREs

began to decrease at a higher value. These findings

indicate that MR performance of the fabricated MREs

is strongly dependent on the loading amount of the

COOH-MWCNTs. In the future works, the reinforc-

ing mechanism and the percolation threshold of MRE

with COOH-MWCNT will be further investigated.

The study will involve the improvement that related

to their mechanical and rheological properties and

compare with the influence of nanoscale carbon

black.
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