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1. IntroductIon
Magnetorheological (MR) fluid consists of micron-sized 

magnetically permeable (i.e. soft iron) particles dispersed in 
the non-magnetic fluid carrier. In the presence of the magnetic 
field, particles form chains in the direction of magnetic flux and 
increase its shear strength. Most of carbonyl iron-based MR 
fluids have an issue with sedimentation of suspended particles. 
To overcome sedimentation, many methods, such as applying 
polymer coating on iron powder, adding surfactant, and adding 
magnetic nano particle have been attempted1,2. Some researchers 
used ferro fluid to reduce the settling rate of micron-sized 
particles in MR fluid3-7. The ferro-fluid nano sized particles help 
to make a kind of colloidal nano bridge (CNB)8-10. Mahesh11, et 
al. prepared F-MRFs with varying volume percentage of ferro-
fluid nano particles and observed an enhancement in viscosity 
of MRFs with an increase in the number density of particles. 
Some researchers have prepared MR fluids as suspensions of 
polymer-coated nano size (diameter ~30 nm) ferrite particles12, 
iron-cobalt alloy particles13, and meso-scale carbonyl iron and 
nickel-zinc ferrites6, carbonyl iron and nano scale magnetic 
particle additives (Co-γ-Fe2O3, CrO2)

14. Phule and Ginder6 
reported the effectiveness in stabilization of nano-scale additives 
such as silica, fibrous carbon, and other polymers, forming 
a coating layer on the MR particles or making a thixotropic 
network. In MR brake15, increase in fluid’s shear stress restricts 

the rotational movement of disk and increases braking torque 
on the disk. Under braking conditions, kinetic energy gets 
converted to heat and thermal thinning of MR fluid occurs. 

Various researchers have studied temperature distribution 
of MR brake devices. Karakoc16,  et al. found an increase of 
25 °C temperature in 20 s of continuous braking at 200 rpm. 
Wiehe17, et al. indicated possibility of 150 °C as the maximum 
temperature of the MR brake. Liao18 found sharp decay in the 
damping force on increasing operating temperature from 20 °C 
to 80 °C.

To solve heat dissipation problem of MR devices, cooling 
methods have been proposed by researchers. Dogruoz19, et al. 
employed radiating fins in the shell to accelerate heat dissipation 
from the MR fluid damper. Tian and Hou20 proposed a rotating 
fan to achieve forced air cooling of a MR clutch. Zheng21, et 
al. utilised rotary heat pipes to achieve forced cooling of the 
MR transmission device. Wang22, et al. proposed water cooling 
method for a high power MR brake. In the present study, 
mixing of nano-silver particles has been tried to increase the 
heat dissipation of MR fluids. Three different compositions of 
MR fluid samples were synthesised and characterized using 
MCR-102 magnetorheometer. To find the effect of synthesized 
MR fluid on braking torque and temperature distribution, a MR 
brake test rig has been designed and experiments have been 
performed. MR brake surface temperature has been measured 
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using seven thermocouples, placed on the surface of the MR 
brake housing. The comparison between temperature rise and 
braking for three different compositions of MR fluids samples 
has been presented.

2. SyntheSIS And chArActerISAtIon
normally MR fluid consists of carbonyl iron (CI) 

particles (diameter 3 µm - 10 µm, 20 per cent - 40 per cent by 
volume), additives and base oil23. In this study, three different 
compositions of MR fluid samples were synthesized using 
99 per cent pure iron particles having micron sizes (2 µm  to 
212 µm) purchased from Sigma Aldrich. An attempt has been 
done to observe the particle size distributions using HoRIbA 
laser scattering particle size distribution analyzer LA-950. 
Iron particles were dispersed in water and used in the funnel 
of the analyzer lA-950. Sonication was done to disperse the 
particles thoroughly. The form of distribution was set at ‘auto’ 
mode. Particle size distributions calculations were made on the 
volume basis. Refractory index of iron and water were kept 
3.500 i – 3.800 i, and 1.333, respectively. Figure 1 shows the 
probability volume density graph of iron particles. The mean 
size and standard deviation of the iron particle distributions are 
87.86 µm and 67.03µm, respectively.

Impurities contain As: ≤ 5 mg/kg, Cu: ≤ 100 mg/kg, Mn:
≤ 1000 mg/kg, Ni: ≤ 500 mg/kg, Pb: ≤ 20 mg/kg and Zn: ≤
50 mg/kg. To avoid settling of particles, 3-10 microns sized 
particles24 were preferred, but to increase the shear stress, larger 
sized particles have been recommended. MR applications 
having relative rotating bodies (such as brakes, clutches), 
settling of particle does not arise and larger sized particles 
may be permitted. Nonetheless, the added silver-nano particles 
could improve its sedimentation problem.

First MR fluid sample MRF 85 contains 14.5 
per cent by wt silicone oil, 0.5 per cent by wt oleic 
acid, and 85 per cent by wt carbonyl iron powder. 
Second sample MRF85_0.25Ag is made of 14.25 
per cent by wt silicone oil, 0.25 per cent by wt silver 
nano-particle, 0.5 per cent by wt oleic acid, and 85 
per cent by wt carbonyl iron powder. Third sample 

MRF85_0.5Ag was composed of 14 per cent by wt silicone 
oil, 0.50 per cent by wt silver nano-particle, 0.5 per cent by 
wt oleic acid, and 85 per cent by wt carbonyl iron powder, as 
shown in Table 1.

Silver nano-particles were purchased from EPRuI 
Nanoparticles and Microspheres Co. Ltd. The average silver 
particle size was 50 nm. nearly spherical silver particles are 
black in colour with some impurities (Impurities are Sb: 0.0065 
per cent, Bi: 0.0086 per cent, Fe: 0.0076 per cent, Zn: 0.0043 
per cent, Cu: 0.0074 per cent, In: 0.0043 per cent, Ni: 0.0015 
per cent and Cd: 0.0001 per cent).

To mix in carrier fluid (silicone base oil), silver nano-
particles, and silicone oil were homogenized in homogenizer 
which was set at 35 per cent pulsation power and 70 °C 
temperature for duration of 2 h. The homogenized mixture 
of silicone base oil and silver nano-particles was blended in 
the mixture of CI powder and oleic acid to prepare MR fluid 
samples. 

In the present work, silicone oil was selected due to its 
superior qualities, such as: Good temperature-stability, good 
heat-transfer characteristics, oxidation resistance11,12, very low 
vapour pressure, and high flash points. In other words, Silicone 
oil experience only a little change in physical properties over 
a wide temperature span (40 °C to 204 °C13,14); whereas, the 
vegetable oil is bio-degradable15,16 and its properties are 
temperature-sensitive.

MR brake during braking action generates high heat, 
which increases the temperature of MR fluid. To improve 
the performance of MR brake, fluids needs to have high heat 
dissipation capability, and that is why silver nano-particles of 
high thermal conductivity were utilised to increase the heat 

Figure 1. Probability volume density graph of iron particles.

Table 1. MR fluid compositions

MR fluids 
samples

Silicone oil 
(per cent by 
wt.)

Iron particle 
(per cent by 
wt)

oleic acid 
(per cent 
by wt)

Silver particles 
(per cent by wt)

MRF85 14.50 85 0.50 0
MRF85_0.25Ag 14.25 85 0.50 0.25
MRF85_0.50Ag 14 85 0.50 0.50
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dissipation rate of MR fluids.
Due to the di-magnetic property of silver nano-particles, 

shear stress of MR fluid may decrease. However, Fig. 2 
shows that there is not much difference between the shear 
stress of MRF85 and MRF85_0.25Ag. The shear stress of 
MRF85_0.50Ag is relatively low compared to the shear stress 
of MRF85. These results discourage usage of silver nano-
particles from magnetic effect (shear stress) point of view. 
on other hand, it is important to find effect of silver particles 
on temperature distribution, which is the aim of using nano-
particles. 

To observe the effect of temperature on shear stress, 
experiments were performed and results at various magnetic 
fields are plotted in Fig. 3. There is a common trend of reduction 
in shear stress of MR fluid with increase in temperature. In 
other words, the MR fluid undergoes shear thinning behaviour 
due to increase in temperature.

From Fig. 3, it can be said that at 30 °C temperature, the 
average shear stress of MRF85 is higher than the shear stress of 
MRF85_0.25Ag and MRF85_0.50Ag. From temperature 35 °C 

to 45°C, the average shear stress of MRF85 and MRF85_0.25Ag 
are the same and average shear stress of MRF85_0.5Ag is lower 
than that of MRF85 and MRF85_0.25Ag. From temperature 
45°C to 55°C, the shear stress of MRF fluids decreases due to 
temperature increase.

The scanning electron microscope photographs of iron 
particles (Sigma Aldrich) are shown in Fig. 4(a). These iron 
particles are spherical in shape with various sizes. The iron 
particles were extracted from MRF85_0.50Ag, and the scanning 
electron microscopic photographs of these iron particles has 
been captured and shown in Fig. 4(b). The EDX analysis of 
iron particles extracted from MRF85_0.50Ag is shown in 
Fig. 5. It shows that there is some presence of Ag nano particles 
with the iron particles.

Figure 3. Shear thinning of Mr fluid due to temperature 
increase at 152.4 kA/m magnetic field.

Figure 4. Scanning electron microscopic photograph: (a) 
Iron particles (Sigma Aldrich) and (b) Ag-nano 
particles make a layer on the Iron particles.

Figure 2. Shear stress of MrF85, MrF85_0.25Ag  and 
MrF85_0.50Ag with magnetic field (kA/m) at 100 
s-1 shear rate.

(b)

(a)
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3. exPerIMentAl Study on teMPerAture 
MeASureMent oF Mr BrAKe
The block diagram of the MR brake test rig is shown in Fig. 

6. It consists of 3 phase 5 HP dc motor with speed controller. A 
flywheel (20 kg) is connected between the dc. Motor and MR 
brake through bearing brackets and jaw couplings. A dc power 
supply (30 V and 5 A) to control the current to the electromagnet 
of MR brake; a tachometer to measure the rotational speed; 
and eight thermocouples to measure the surface temperature 
of the MR brake housing have been used. However during 
measurement, one thermocouple was broken.

To find the temperature profiles at various operating 
conditions, a number of experiments for various combinations 
of magnetic field, H (0 kA/m to 350 kA/m) and speed (200 rpm 
and 600 rpm) of brake shaft were planned. After completing 
each experiment, time to cool MR brake to the room temperature 
is relatively large. To reduce this time, a table fan was used to 
cool the MR brake back to its normal condition. the speed controller of the dc motor.

• Estimate the power loss. Supply current in the 
electromagnet of MR brake. 

• In the presence of magnetic field, brake actuation happens 
and the speed of the disk of MR brake reduces. Therefore, 
regulate the voltage using the speed controller to maintain 
the same speed (rpm) of the MR brake shaft. 

• Record the reading of the voltmeter and ammeter of the dc 
motor speed controller. Calculate the power loss. braking 
torque (bT) is calculated using following formula 

  iPW PW
BT

−
=

w
f                                                      (1)

 where PWi and PWf are the initial and the final power 
losses;

 
w is constant angular speed.

Record temperatures using thermocouples after the • 
stabilisation of temperature in the desktop computer using 
data logger. 
After completing temperature reading, switchoff the • 
power supply to the electromagnet and reduce the rpm of 
the dc motor to zero. 
Switch on the table fan to cool the MR brake to get back • 
to initial temperature. 
Repeat the same procedure for another experiment 

Figure 5. edx analysis of extracted particles from 
MrF85_0.50Ag.

Figure 8. Position of thermocouples on the surface of the Mr 
brake.

Figure 7.  Photograph of Mr brake test rig

Figure 6.  Schematic diagram of the Mr brake test rig.

Figure 7 shows the photograph of the MR brake test rig. 
Figure 8 shows the position of the thermocouples on the surface 
of the MR brake housing. The volume of MR fluids in MR brake 
is ( ) ( )2 2 2 2 5

2 12 2 0.044 0.010 0.001 1.15 10r r h −π − = × π× − × = ×
m3 or 11.53 ml where, r1 and r2 are the inner and outer radius of 
the disk and h is the MR gap.

Braking torque and surface temperatures in each 
experiment, were measured by adopting following step-by-
step procedure:  
• Run the dc motor at constant rpm using speed controller. 
• note down the reading of the voltmeter and ammeter of 
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(different current electromagnet and different motor speed). 
Each experiment was performed thrice. 

4. reSultS And dIScuSSIonS
Figure 9 shows the braking torque of the MR brake 

using three different compositions of MR fluid (MRF85, 
MRF85_0.25Ag and MRF85_0.50Ag) at 200 rpm. As current in 
the central electromagnet increases, braking torque and surface 
temperature of MR brake housing increase. Figure 10 shows 
the maximum temperature of surface of MR brake housing at 
200 rpm. Temperature of the MR brake using MRF85 is more 
than that of MRF85_0.25Ag and MRF85_0.50Ag as shown in 
Fig. 10. It can be said that the silver nano-particles helps heat 
dissipation and reduces the temperature of MR brake.

To observe the effect of silver particles at relatively 
higher speed, experiments were performed at 600 rpm. 
Figures 10 and 11 are renumbered as Figs. 11 and 12. Figure 
11 shows the results of braking torque of three compositions 
(MRF85, MRF85_0.25Ag, MRF85_0.50Ag) of MR fluids at 
initial speed of rotating disc as 600 Rpm. These results show 
a decreasing trend from 7.8 nm to 6.8 nm with increase in 
Ag percentage from zero to 0.5 per cent. On comparing these 
results with torque results obtained at 200 Rpm, it can be 
said that performance of the silver nano particles is sensitive 
towards the rotational speed. Figure 12 shows the MR 
brake housing surface temperature at 600 Rpm. The surface 
temperature of MR brake using MRF85_0.50Ag is least among 
the temperatures obtained all three compositions of MR fluid. 

It confirms that the rate of heat dissipation of MR brake as 
MRF85_0.50Ag > MRF85_0.25Ag > MRF85.

On comparing Figure 9 and Figure 11, it can be said that 
with increase in Rpm, braking torque of MR brake decreases. 
MR fluid containing silver nano particles is sensitive toward 
the shear thinning behaviour of MR fluids. 

Figure 13 shows the maximum temperature on the MR 
brake housing surface, using three different compositions MR 
fluids. Thermocouples T3, T4, T5, T6, and T7 are placed on 
the same pitch circle diameter of MR brake housing surface. 
The temperature difference (maximum temperature reading – 
minimum temperature reading) for MRF85, MRF85_0.25Ag, 
and MRF85_0.50Ag are 18.38 °C, 14.50 °C, and 8.80 °C, 
respectively. Therefore increase in silver nano particle 
percentage helps in uniform temperature distribution on the 
MR brake. The difference in temperature around the periphery 
of the disk of MR brake may be due to misalignment between 
the disk and the MR brake housing. 

Based on the results of MRF85_0.25Ag and 
MRF85_0.50Ag at 200 rpm and 600 rpm, following can be 
stated:
• Braking torque at 200 rpm: The braking torque using 

MRF85_0.25Ag and MRF85_0.50 Ag are within the error 
bar. Therefore, 0.25 per cent Ag particle can be used as far 
as economical point of view.

• Surface temperature at 200 rpm: The percentage difference 
of MR brake housing surface temperature between 
MRF85_0.25Ag and MRF85_0.50Ag is 10.5 per cent. 

Figure 9.  Braking torque at 200 rpm.

Figure 10.  Surface temperature at 200 rpm.

Figure 11. Braking torque at 600 rpm.

Figure 12.  Surface temperature at 600 rpm.
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This is mainly due to decrease in braking torque on the 
use of MRF85_0.50Ag, which results in lesser effective 
braking. Therefore, 0.25 per cent Ag particles is preferred 
compared to 0.5 per cent Ag particles. 

• Barking torque at 600 rpm:  The braking torques for 
MRF85_0.25Ag and MRF85_0.50Ag are 7 Nm and 6.8 
Nm, respectively. The percentage decrease in braking 
torque indicates 0.25 per cent Ag particles is a better 
option. 

• Surface temperature at 600 rpm: The percentage difference 
of MR brake housing surface temperature between 
MRF85_0.25Ag and MRF85_0.50Ag is 19.9 per cent. As 
surface temperature is decreasing by 19.9 per cent at the 
cost of decrease in torque by 2.8 per cent, 0.5 per cent Ag 
may be preferred at higher speed operations. 

5. concluSIonS
Three different compositions of MR fluid samples (no 

silver, with 0.25 per cent weight and 0.50 per cent weight silver 
particles) were synthesised. Shear stress and torque performance 
were characterised using MCR-102 magnetorheometer and 
developed experimental setup respectively. From the research 
performed on three different compositions of MR samples, 
following conclusions can be drawn:
• Shear stress of MR fluids reduces with an increase in 

percentage in silver nano-particles. 
• Shear stresses of all three different compositions of MR 

fluids decrease with increase in operating temperature. 
• At 200 rpm, braking torque of three different compositions 

of MR fluid samples is within the error bar. no noticeable 
change in braking torque occurs, but reduction in 
temperature rise with increase in silver particles has been 
observed.

• At 600 rpm, 0.25 per cent particles silver-based MR fluid 
give better performance as compared to 0.50 per cent 
particles silver based MR fluid. MRF85_0.25Ag provides 
lesser temperature compared to MRF85, while provides 
higher shear stress compared to MRF85_0.50Ag. 

• MR fluid containing low particle percentage (0.25 per 
cent) of silver nano-particles is preferred for MR brake 
applications.
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