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Abstract: Magnetorheological (MR) grease has advantages of the anti-settlement behavior and
excellent sealing property compared with conventional MR materials. However, the rheological
behaviors of MR effect and shear yield stress are too small to limit the further applications with
MR grease. This paper proposes a composite lithium-based MR grease with boric acid-hydroxyl
stearic acid to improve the rheological behaviors. Eight different samples of composite lithium-based
MR grease with different ratios of mass between lithium stearate and lithium borate are prepared
by the saponification method. The rheological behaviors are tested and discussed with qualitative
and quantitative analysis. The experimental results show that the off-state viscosity reduces with
the decrement of the ratio of mass under low shear rate which changes from 68.7 Pa·s to 16.5 Pa·s.
Lithium stearate content has more effects with off-state viscosity. Based on the Herschel-Bingham
model, the shear stress of composite lithium-based MR grease can be improved dramatically by
adjusting the ratio of mass which is increased by 170% under the magnetic flux density of 0.2 T.
Compared with single lithium-based MR grease, the maximum yield shear stress is increased by
166.7% at off-state and the maximum MR effect is also increased by 19.1%. The MR effect can reach
23,600% with a specific mass ratio of the composite MR grease. The experimental results validate
that the feasibility of the performance improvement by the composite lithium-based MR grease.

Keywords: composite lithium-based magnetorheological grease; ratio of mass; rheological behavior

1. Introduction

Since the magnetorheological (MR) fluid has been developed, it has attracted much
attention as a typically smart and intelligent material due to its perfect controllable rheo-
logical properties with an external magnetic field. Under the applied magnetic field, the
MR fluid can be transformed from the liquid state to the solid-like state with milliseconds.
The yield stress and shear viscosity can be controlled by the applied currents. MR fluid
has been utilized in many different engineering fields [1–3], with vehicle suspension [4],
cable-stayed bridges [5], semi-control [6–8], seals [9,10], and machine tool isolations [11].
However, because of the huge density difference between the magnetic particles and carrier
liquids of MR fluid, the properties of sedimentation with MR fluid is of great significance
in further studies and applications. Magnetic particles form an agglomeration, and the
re-dispersion is unachievable if the MR fluid is rested for a long time. Besides these, the
sedimentation stability properties are difficult to be resolved ultimately by additives and
other methods. MR grease is one of the typical MR materials which has a thixotropic
crosslink structure. Based on the unique thixotropic crosslink structure of the carrier grease,
the settlement problem has been solved by MR grease [12–14]. And MR grease has a better
performance with anti-leakage, long-term steady stability, and oxidation stability, etc. MR
grease shows a better development compared with MR fluid in the engineering applica-
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tions which especially require keep stabilization for a long term, such as seismic dampers
and shock absorbers of buildings.

At present, there is much research investigating MR grease. While most investigations
mainly focus on the lithium-based MR grease. In general, the magnetic particles mixed with
the commercial grease directly to prepare the valvoline multi-purpose grease [15,16]. The
prepared MR grease showed good lubrication performance in flow mode. The kerosene was
also used in MR grease. The kerosene can effectively decrease the viscosity of the MR grease
with soft magnetic particles for obtaining a well-dispersed suspension [17]. Mohamad
et al. [18] carried out comparative experiments with particle shapes. It is shown that the
bidisperse MRG with plate-like CI particles exhibits an increase in the initial apparent
viscosity as well as stiffness property compared to the MR grease with spherical particles
only. Wang et al. [19] studied the effects of silicone oil viscosity and carbonyl iron particle
weight fraction and size on shear yield stress for MR grease. It is shown that the shear rate
and temperature have significant importance with MR properties [20,21]. Besides these,
the preparation process was closely related to the MR performance. The lithium-based
MR grease with a damping effect was prepared by a one-step process. The results show
that the MR grease has the characteristics of shear thinning. The shear yield stress and
magnetic field strength have a power-law relationship with different thickener content [22].
An unconventional method which consisted of seven steps was used to prepare MR grease
and the results have shown that shear thinning of MR greases are closely related to magnetic
field strengths and CIPs size has an insignificant effect on shear-thinning [23]. Mohamad
et al. [24] prepared a new MR grease with plate-like carbonyl iron particles. It was found
that the external magnetic field strength and volume fraction of magnetic particles had
a significant effect on the MR properties. According to current studies with MR grease, the
maximum shear stress with the prepared MR grease is only 49.7 kPa while magnetic flux
density B was 0.53 T, and the shear rate

.
γ was fixed at 400 s−1 [15]. The maximum MR

effect only reached 2350% [22]. Compared with the conventional MR fluid, the shear yield
stress with MR grease was so minimal that its applications have been limited greatly in
many fields. Besides these, the shear yield stress and MR effect are hard to balance. The
higher off-state viscosity of MR grease will result in a higher off-state damping force and
a lower MR effect.

In order to improve the MR properties of MR grease, the optimization of carrier
grease was the most familiar and effective way. However, there were few relevant studies
with the composite lithium-based MR grease. Yao et al. [25] found that the apparent
viscosity of lithium-based MR grease decreases with the increase of shear rate, and the
decrease is related to temperature. Wang et al. [19] studied that the force of MR grease
under quasi-static shear decreases at first. And then, it maintains constant along with
the increase of shear strain. The critical strain is affected by the magnetic field strength
and CI particles content. Zeng et al. [26] analyzed the effects of different thickeners, the
viscosity of base oil, and additives on the performance of the grease. Compared with
five different greases, experimental results showed that soap fiber length, thickness, and
three-dimensional structure determined the colloidal properties of grease. Yan et al. [27]
proposed a novel composite lithium-based MR grease with several thickening agents. The
maximum valve of MR effect was approximately 13,000% with 60 wt% ferromagnetic
particles. Mohamad et al. [28] prepared MR grease with different content of iron particles.
The maximum yield stress and MR effect can reach about 52.7 kPa and 952.38%. Based
on the present research status, the differences among the microstructure with different
carrier greases have a great impact on the MR properties of MR grease [29]. Therefore, the
influence of key parameters with composite MR grease is not enough. The rheological
performance with shear yield stress and MR effect is too small to use in engineering
applications. There is an urgent need to prepare a novel composite MR grease to meet the
balance of shear stress and MR effect.

In a word, based on these motivations, the main technical contribution of this paper
was that a novel composite lithium-based MR grease with lithium stearate and lithium
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borate had been prepared and experimented with to improve the MR behaviors. Eight
samples with different mass ratios of thickeners were prepared. Rheological properties
were measured in the shear model by the conventional rheometer. The off-state viscosity
and yield stress were comparatively analyzed. Besides these, the dynamic viscoelastic
prosperities of the proposed composite lithium-based MR grease were quantitatively
analyzed in the oscillation model. The storage modulus and loss modulus were discussed
with different mass ratios and external magnetic excitations. The feasibility of composite
lithium-based MR grease was validated by comparative experiments.

2. Experiments
2.1. Preparation of MR Grease

In this study, MR grease was prepared by mixing the carbonyl iron powders (CIPs,
provided by Beijing Xingrognyuan Technology Co., Ltd. with an average radius of 5 µm)
into silicone oil (PMX-200, provided by Dow silicone Co., Ltd. Zhangjiagang, China).
Lithium-based thickener (provided by Aisaike lubricating Co., Ltd. Shenzhen, China)
which is mainly composed of lithium stearate was the main additive. Besides these, lithium
hydroxide (AR level, provided by Runxin Experimental Instrument Co., Ltd., Dezhou,
China), boric acid (AR level, provided by EBI Chemical Reagent Co., Ltd., Shanghai,
China), and diphenylamine (AR level, Huakai resin Co., Ltd., Jining, China) were used in
the preparation process as other additives.

Firstly, a specified amount of silicone oil was divided equally into three parts. The
first part of silicone oil was mixed with the appropriate amount of water and heated to
80–100 ◦C. And then, the lithium-based thickener, lithium hydroxide, and boric acid were
added into the mixed liquid and continually heated to 100–120 ◦C for 30 min. Next, the
second part of silicone oil and a specified amount of diphenylamine which was used as an
antioxidant were added to the mixture at 130–140 ◦C and dehydrated for 60 min. After
dehydration, carbonyl iron powders were added into the mixture and heated to 150–180 ◦C
for 45 min. And then, the low-temperature thickening is available. What’s more, the
temperature of the mixed liquid was raised to 180–200 ◦C for 15 min to complete the high-
temperature thickening. Finally, the third part of silicone oil was added into the mixed
liquid with air cooling. The mixture was ground and encapsulated as the prepared MR
grease when it was cooled to approximately 120 ◦C. The preparation is shown in Figure 1.
As shown in Table 1, according to the different mass ratios of lithium stearate to lithium
borate. The lithium borate was produced by the reaction, a total of 8 samples were prepared.
Among these samples, sample 1 and sample 8 were prepared with a single thickener which
was used to comparatively analyze with composite lithium-based MR grease.
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Table 1. Material compositions of composite lithium-based MR grease.

Materials
Mass(g)

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8

Carbonyl iron 90
Silicone oil 30

Diphenylamine 0.1
Lithium thickener 4.5 4.05 3.6 3.15 2.65 1.8 0.9 0

Lithium stearate/lithium
borate (mass ratio) 10:0 9:1 8:2 7:3 6:4 4:6 2:8 0:10

2.2. Performance Test

The rheological properties of prepared MR grease were characterized by a physical
rheometer (MRC 301, Anton Paar Co., Rivoli, Italy) in Figure 2. The diameter of the parallel
plate was 20 mm. The gap between the plate and the base was kept at 1 mm and the
temperature was fixed at 25 ◦C
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The steady shear test was measured in the shear rate ranging from 0.01 to 100 s−1 and
a constant shear of 10 s−1. The magnetic flux density changed from 0 to 1 T with a step
of 0.1 T by the externally applied currents. In shear mode, the shear stress was measured
by the magnetic field scanning. Besides these, the off-state viscosity and shear stress with
different shear rates were measured to analyze the MR properties. In oscillation mode, the
dynamic performance test was performed in the angular frequency ranging from 0.1 to
100 rad/s. The storage modulus and loss modulus were tested with all samples. In order
to ensure the precision of the results, the prepared samples are tested three times. And
then, the final experimental results are the average values with three times the results.

3. Results and Discussion
3.1. Rheological Properties
3.1.1. Analysis of Off-State Viscosity

In the steady shear test of shear mode, the relationship between the off-state viscosity
and input shear rate is measured with eight MR grease samples which are shown in
Figure 3. The prepared MR grease is the non-Newtonian fluid because of the change
of the off-state viscosity with all samples. In addition, the off-state viscosity decreases
significantly with the increase of the shear rate which is described as the shear thinning
behavior. Shear-thinning behavior is a common characteristic with non-Newtonian fluid.
The main reason is that the off-state viscosity can be effectively increased by the soap fiber
structure of carrier grease under a low shear rate. With the increment of the shear rate, the
soap fiber structure with magnetic particles is destroyed by the external shear stress. The
viscosity decreases with increasing of the shear rate [30,31].
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Compared with experimental results of eight different samples, the viscosities of
sample 1 and sample 8 with a single thickener are lower than other composite lithium-
based MR grease samples. The reason for this difference is that the off-state viscosity of
MR grease is closely related to the soap fiber structures of the carrier grease matrix. The
lithium stearate combined with lithium borate can strengthen the soap fiber structure of
the grease matrix under certain conditions with prepared MR grease. The co-crystallization
thickening behavior of carrier oil can therefore be realized [32]. Based on these changes of
fiber structure in the carrier grease, the off-state viscosity of composite MR grease is larger
than conventional MR grease with a single thickener.

Besides these, it can be observed that the off-state viscosity of each prepared sample
decreases with the increase of lithium borate content when the shear rate is less than 40 s−1.
It is speculated that the decrease is caused by two parts. The first part is that the unreacted
lithium borate and the reduction of the content with lithium stearate will decrease the
off-state viscosity. Secondly, the thickening behavior caused by the lithium borate is so
minimal that can be ignored. And then, there is no significant tendency with off-state
viscosity when the shear rate is larger than 40 s−1. With the increase of shear rate, the soap
fiber of MR carrier grease is destroyed which results in the change of off-state viscosity [33].

3.1.2. Analysis of Shear Stress

The relationship between the shear stress and the magnetic field strength is analyzed
under shear mode with the fixed shear rate of 10 s−1 in Figure 4. The shear stress presents
two trends with the increase of magnetic field which involves slow growth region and
rapid growth region from Figure 4. The shear stress increases slowly when the magnetic
field is less than 0.1 T. And then, the shear stress has rapid growth with the increase of
the magnetic field. It is speculated that the internal network structure of soap fiber in the
MR carrier grease has a great hindrance effect on the movements of magnetic particles.
When the applied magnetic field is minimal, the corresponding magnetic force among
magnetic particles is too small to overcome the resistance of carrier grease. Therefore, there
is only a short chain of magnetic particles can be formed, and the shear stress increases
slowly. When the magnetic flux density is larger than 0.1 T, the corresponding magnetic
force among magnetic particles increases greatly. It makes the magnetic particles have
enough power to break through the resistance of carrier grease and gradually forms the
long-chain or columnar structure which results in the rapid rise of shear stress with the
increase of magnetic flux density.
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According to the experimental results of eight samples, it can be found that the shear
stress of sample 3 is the largest under the same magnetic field when the magnetic field is
greater than 0.1 T. Under the excitations with a magnetic field of 1 T, the shear stress of
sample 3 approaches the value of 91.6 kPa which is increased by 23.6 kPa compared with
sample 1 of 68 kPa. The minimum shear stress is 61.3 kPa with sample 6. The maximum
shear stress with each sample decreases with increasing the lithium stearate contents. This
may be caused by the decrease in viscosity. The shear stress is proportional to the viscosity
of MR grease [34].

In the steady shear test, the relationships between shear stress and shear rate with the
magnetic flux densities of 0.2 T, 0.4 T, and 0.6 T are shown in Figure 5. It is shown that the
shear stress of sample 3 is the largest at all shear rates than any other sample. Compared
with different samples, the shear stress of sample 3 is greatly improved and is increased
by 2 times, approximately. When the shear rate reaches 100 s−1 and the magnetic flux
density is applied with 0.2 T, 0.4 T, and 0.6 T, the shear stress reaches the maximum value of
23.5 kPa, 46.3 kPa, and 73.5 kPa, respectively. Compared with the shear stress of sample 1
which is 8.7 kPa, 33.1 kPa, and 54 kPa, respectively. The shear stress of sample 3 is increased
by approximately 170%, 39.9%, and 36%, respectively. The increase is possibly due to the
difference of internal soap fiber structure with novel crystal form. In the preparation of
composite lithium-based MR grease, the co-crystallization between lithium stearate and
lithium borate needs a specific mass ratio to make different thickeners react completely.
The mixed thickener forms the sheet structure. And then, the generated sheet structure
integrates with lithium borate to form the soap fiber structure [34]. When the content of
lithium stearate is larger than sample 3, the reaction of co-crystallization is insufficient due
to the absence of lithium borate. Therefore, the soap fiber structure is inadequate. Once
the content of lithium stearate is less than sample 3, the excess of lithium borate will cause
a decrease in the viscosity and the soap fiber structure. The shear stress of sample 3 is far
larger than other samples due to the integrity of the internal soap fiber structure.

The flow model with post-yield regions can be described by the Herschel-Bingham
model of Equation (1) [20].

τ = τy + k
.
γ

n (1)

where τ is the total shear force, τy is the yield stress of MR grease, k is the consistency
coefficient, and

.
γ is the shear rate, n is the flow behavior index.
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In order to comparatively analyze the shear yield stress between composite MR grease
and conventional MR grease with a single thickener, considering the influence of magnetic
flux density, the yield shear stress with sample 1 and sample 3 is simulated and shown in
Figure 6. The yield shear stress of sample 3 under the applied magnetic fields of 0.2 T, 0.4 T,
and 0.6 T is 22.4 kPa, 48.5 kPa, and 72.6 kPa, respectively. Compared with the shear stress
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of sample 1 which is 8.4 kPa, 33 kPa, and 54.7 kPa, the shear stress of sample 3 is increased
by 166.7%, 47%, and 32.7%, respectively. This increase is closely related to the internal soap
fiber structure of composite MR grease.
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In addition, based on the experimental results of prepared composite MR grease, the
shear stress curves via shear rates have been fitted by Equation (1). All the key parameters
are listed in Table 2.

Table 2. Key parameters of fitting curves between shear stress and shear rates.

Sample Magnetic Flux
Density (T)

Yield Shear
Stress τy (kPa)

Consistency
Coefficient k

Flow Behavior
Index n

Sample 1
0.2 5.047 0.4343 0.474
0.4 24.36 0.1572 0.9003
0.6 43.04 0.1925 0.9112

Sample 3
0.2 18.94 0.3859 0.8378
0.4 37.34 0.3219 0.7211
0.6 61.69 0.2637 0.8385

The experimental results demonstrate that the shear yield stress of composite lithium-
based MR grease can be significantly improved by adjusting the ratio of mass between
lithium stearate and lithium borate. When the mass ratio is 4 between two different
thickeners, the soap fiber structure of carrier grease which is caused by the co-crystallization
keeps the integrality. Therefore, the proposed composite lithium-based MR grease has the
best MR properties than any other mass ratio.

3.2. Dynamic Viscoelastic Properties
3.2.1. Analysis of Storage Modulus

Under oscillatory shear mode, the relationship between storage modulus and magnetic
flux density is investigated when the shear strain is 0.1% and the angular frequency is 10 s−1.
As shown in Figure 7, with the increase of the magnetic field, the storage moduli of eight
MR grease samples are divided into three regions which are in agreement with the research
works in literature [13]. The storage moduli will increase rapidly with the increase of the
magnetic flux density when the magnetic flux density is beyond 0.1 T. Finally, the storage
modulus tends to be stable. Because of the carrier grease is the viscoelastic materials [33].
The proposed composite MR grease will show viscoelastic properties. Under the fixed shear
rate, composite MR grease works in the post-yield state when the magnetic flux density
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is less than 0.1 T. The storage modulus will keep constant with a lower storage modulus.
Once the magnetic flux density is larger than 0.1 T, the composite MR grease works in the
transition state between the pre-yield and post-yield state. The storage modulus increases
with increasing the magnetic flux density. Finally, the saturation magnetization of the
magnetic particles reaches the maximum by the external magnetic field excitation. The
composite MR grease works in the post-yield state and the storage modulus will keep
constant again.
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Besides these, the MR effect is defined as

∆G′

G0′
=

Gmax
′ − G0

′

G0′
× 100% (2)

where Gmax
′ is the maximum storage modulus with eight samples. G0

′ is the off-state
storage modulus with eight samples.

The MR effects of eight samples are shown in Table 3. It can be observed that the MR
effect of sample 2 is the lowest compared with other samples. The MR effects of almost
all samples are larger than 8400%. Compared with MR grease with a single thickener, the
maximum MR effect of composite MR grease is 23,600% with sample 5 which is increased
by 19.1% than sample 1. Compared with the MR effects of sample 2, the maximum value
is increased by 521%. It shows that the MR effect of composite lithium-based MR grease
can be significantly improved by adjusting the mass ratio between lithium stearate and
lithium borate.

Table 3. Magnetorheological effect of eight samples.

Sample 1 2 3 4 5 6 7 8

Magnetorheological
effect(%) 19,800 3800 8400 13,600 23,600 8600 13,400 18,200

3.2.2. Analysis of Loss Modulus and Angular Frequency

When the shear strain is fixed at 0.1% and the magnetic flux density is fixed at
off-state and 1 T, the relationships between loss modulus and angular frequency are
shown in Figure 8. It can be observed that the loss modulus of eight MR grease samples
increases with the increase of angular frequency at off-state. However, the loss modulus
decreases with the increase of angular frequency under magnetic flux density of 1 T. The
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variation laws of loss modulus are consistent with eight MR grease samples under the
same magnetic excitations.
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According to the literature [13], the variation laws of storage modulus and loss mod-
ulus with angular frequency are the same essentially under different excitations. The
theorems are different from the experimental results of the prepared composite MR grease
in this paper. It is speculated that the composite lithium-based MR grease which has been
prepared in this paper has large consistency and iron powder content. Under the excita-
tions of the magnetic field, the soap fibers in the composite MR grease are confined by the
magnetic particle chain or cylindrical structure. The soap fiber structure of the proposed
composite MR grease is strengthened and the variation laws between loss modulus and
angular frequency are changed.

In order to further verify the rheological behaviors with composite lithium-based MR
grease, the rheological behaviors are compared with other literature in Table 4. Some key
performance parameters are listed to be comparatively analyzed. As shown in Table 4,
compared with the literature [14], the shear yield stress and MR effect of composite MR
grease have been improved significantly. The shear yield stress is increased by 710%
and the MR effect is increased by 466.3%. Comparing the MR grease of literature [15,28],
the composite MR grease can effectively improve the rheological behaviors. However,
compared with different samples with different mass ratios, the shear yield stress and MR
effect are difficult to satisfy simultaneously.

Table 4. Comparison of rheological properties with other MR grease.

Rheological Properties Shear Yield Stress (kPa) MR Effect (%)

Literature [13] 6.389 5061%
Literature [15] 49.7 -
Literature [28] 52.7 592.38%

Sample 3 of this paper 72.6 8400%
Sample 5 of this paper 45.4 23,600%

4. Conclusions

In this paper, a novel composite lithium-based MR grease is prepared experimented
with and analyzed with different mass ratios between lithium stearate and lithium borate.
According to the experimental results with eight samples, the composite lithium-based
MR grease has a significant improvement in rheological behaviors compared with the MR
grease of a single thickener.
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1. Under the off-state of the magnetic field, the prepared composite MR grease has
typical shear thinning characteristics. At a low shear rate which is less than 40 s−1, the
viscosity of composite MR grease decreases with the increase of lithium borate content.

2. With the increase of the magnetic field, the increase of shear stress with prepared
composite lithium-based MR grease can be divided into two regions which are the
slow growth region and rapid growth region. Compared with the MR grease of
a single thickener, the shear stress of the composite lithium-based MR grease is
significantly improved. The maximum shear stress is increased from 54 kPa to
73.5 kPa with a magnetic field of 0.6 T.

3. Comparing the MR grease with a single thickener, the shear yield stress of composite
MR grease can be improved by adjusting the ratio of mass between lithium stearate
and lithium borate. When the magnetic field is 0.6 T, the shear yield stress increased
from 54.7 kPa to 72.6 kPa. The shear yield stress of composite MR grease with a mass
ratio of 4 is increased by 166.7% with a magnetic field of 0.2 T.

4. Compared with the MR grease of a single thickener, the prepared composite lithium-
based MR grease has been promoted with MR effect. When the shear strain is fixed at
0.1%, the maximum MR effect reaches 23,600% which is increased by 19.1% than that
of MR grease with a single thickener.

Besides these, it is found that the variations between the loss modulus and angular
frequency with prepared composite MR grease are inconsistent with other investigations.
The main reason may be that the prepared composite lithium-based MR grease has a higher
consistency and carbonyl iron powder content. It needs to be further studied.
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