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This article investigates the influence of frequency on the field-dependent non-linear
rheology of magnetorheological (MR) grease under large amplitude oscillatory shear
(LAOS). First, the LAOS tests with different driving frequencies were conducted on MR
grease at four magnetic fields, and the storage and loss moduli under the frequency
of 0.1, 0.5, 1, and 5 Hz were compared to obtain an overall understanding of the
frequency-dependent viscoelastic behavior of MR grease. Based on this, the three-
dimensional (3D) Lissajous curves and decomposed stress curves under two typical
frequencies were depicted to provide the non-linear elastic and viscous behavior.
Finally, the elastic and viscous measures containing higher harmonics from Fourier
transform (FT)-Chebyshev analysis were used to quantitatively interpret the influence
of the frequency on the non-linear rheology of MR grease, namely, strain stiffening
(softening) and shear thickening (thinning), under LAOS with different magnetic fields.
It was found that, under the application of the magnetic field, the onset of the non-
linear behavior of MR grease was frequency-dependent. However, when the shear strain
amplitude increased in the post-yield region, the non-linear rheology of MRG-70 was not
affected by the oscillatory frequency.

Keywords: MR grease, non-linear rheology, frequency, large amplitude oscillatory shear, field

INTRODUCTION

Magnetorheological (MR) grease is a kind of magneto-induced smart material that is normally
prepared by dispersing magnetic particles in grease matrix. With the utilization of viscoelastic
continuous phases, i.e., grease matrix, MR grease can effectively avoid the sedimentation problem
of magnetic particles, which often occurred in conventional MR fluid. So far, MR grease has been
used in the application of many MR devices, namely MR damper (Shiraishi et al., 2011; Sakurai
and Morishita, 2017), MR clutch (Kavlicoglu et al., 2015), MR brake (Sukhwani and Hirani, 2008),
and MR engine mount (Sarkar et al., 2015). By comparing conventional MR devices using MR
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fluid, the MR grease device can maintain good settlement stability
for along period of time. In addition, considering the lubricating
properties of the grease matrix, it can reduce the wear and tear of
the moving parts of the devices and increase life, which eventually
will reduce the maintenance cost in the long run. In the operation
of MR devices, the internal MR grease usually works in the
shear mode, which mainly includes steady shear and oscillatory
shear (Zhang et al., 2019, 2020; Li et al., 2020). Therefore, it is
necessary to conduct investigations on the rheological properties
of MR grease under steady shear and oscillatory shear, which can
provide insight and understanding for the design and application
of MR grease devices.

To date, the rheology of MR grease under steady shear and
oscillatory shear was studied by a number of researchers. For
steady shear, researchers mainly focused on the dependence
of rheological parameters, namely viscosity, yield stress, the
magnetic field, shear rate, and temperature. Sahin et al. (2007)
studied the yield stress and viscosity of MR grease under
steady shear and compared them with the results obtained
using conventional silicon-based MR fluid. They found that
the yield stress of MR grease is higher than that of the
traditional MR fluid, which is at the expense of increased
off-state viscosity of MR grease (Sahin et al., 2007). Park
et al. investigated the flow curve responses of MR grease with
different external magnetic fields under steady shear. They
indicated that MR grease presents the properties of Bingham
fluid under the application of the magnetic field (Park et al,
2011). Mohamad et al. (2018) examined the field-dependent
rheology of MR grease with platelike particles. They found
that the platelike carbonyl iron (CI)-based MR grease can
provide higher yield stress than spherical particle-based MR
grease at a low magnetic field with a low weight fraction
of particles (Mohamad et al,, 2018). Wang et al. (2019a,b,c)
investigated the temperature-dependent rheology of MR grease
under steady shear. They demonstrated that the influence
of temperature on the rheological properties of MR grease
decreased with the magnetic field (Wang et al., 2019a,b,c).
For oscillatory shear, the main focus is the influence of the
magnetic field, oscillatory shear strain, and frequency on the
dynamic parameters, such as storage/loss modulus and loss
factor. Rankin et al. (1999) tested the storage modulus of
MR grease under a series of the strain sweep tests. They
found that the storage modulus of MR grease under the small
strain amplitude is time-dependent (Rankin et al., 1999). Park
et al. (2011) studied the influence of oscillatory frequency on
storage and loss moduli under different magnetic fields. They
found that the storage and loss moduli are all independent
of frequency at a fixed magnetic field (Park et al, 2011).
Mohamad et al. (2016) tested the relationship between dynamic
parameters and oscillatory shear strain under different magnetic
fields. They concluded that the linear viscoelastic (LVE) range
(storage modulus independent of shear strain) of MR grease
is smaller compared with the MR gel, and the relative MR
effect of MR grease is larger than that of the MR fluid
(Mohamad et al., 2016). In addition, Mohamad et al. (2019a,b)
also investigated the field-dependent viscoelastic and transient
response of MR grease with different particle shapes. They

found that the shape of the CI particles (CIPs) has a significant
effect on the field-dependent behaviors of MR grease, e.g.,
the bidisperse MR grease with platelike CI particles exhibits
an increase in the initial apparent viscosity and the stiffness
property compared with MR grease with spherical particles only
(Mohamad et al., 2019a,b).

Although a lot of research was conducted on the rheological
properties of MR grease under steady shear and oscillatory
shear, the rheological study of MR grease under oscillatory
shear, especially large amplitude oscillatory shear (LAOS), is
yet to be fully explored. The reason is that the storage and
loss moduli, which are normally acquired from rheometer and
used to characterize the rheology of MR grease under oscillatory
shear, may not be sufficient to characterize the rheology of
MR grease under LAOS. As shown in a previous research,
under LAQOS, the shear strain amplitude that was applied on
MR grease enters into the non-linear range (Hyun et al,
2011). The response stress wave deviates from the sine wave
and contains higher harmonics. The output moduli from the
commercial rheometer, namely storage modulus (G’) and loss
modulus (G”), are the first harmonic moduli of the Fourier
transform of the response data (Wilhelm, 2002). This method that
ignores the contribution of higher modulus but only considers
the first harmonic modulus will inevitably result in the loss
of rich information when characterizing the rheology of MR
grease under LAOS.

Recently, we introduced a non-linear characterization
method, namely Fourier transform (FT)-Chebyshev analysis
(Wilhelm, 2002; Cho et al., 2005), which could detect the higher
harmonics triggered by LAOS. Compared with commonly
used approaches, namely elastic Lissajous curves, storage/loss
modulus, and FT analysis, we found that the FT-Chebyshev
analysis could provide more insight on non-linear viscoelastic
(NLVE) behavior of MR materials under LAOS. Subsequently,
we also utilized the FT-Chebyshev analysis to quantitatively
analyze the non-linearity of MR grease under different
strain amplitudes at a fixed frequency (Wang et al, 2020).
In addition to the oscillatory strain amplitude, frequency is
an important factor that affects the non-linear rheological
properties of MR grease. Exploring the influence of the
frequency on the non-linear behavior of MR grease is the
basis for the development of efficient control algorithms
in practical MR grease device applications. Thus, in this
article, we investigate the field-dependent non-linearity of MR
grease under LAOS at different driving frequencies. First, MR
grease with a 70% weight percentage of CIPs (MRG-70) is
prepared, and the LAOS test with different driving frequencies
is conducted on MR grease at four different magnetic fields.
Then, the storage and loss moduli at different frequencies
are compared. Later, the influence of the frequency on the
non-linear rheology is qualitatively analyzed by the three-
dimensional (3D) Lissajous curves and the stress decomposed
method. Finally, the elastic and viscous measures containing
higher harmonics from the FT-Chebyshev analysis under
different frequencies are calculated to further characterize the
field-dependent non-linear rheology under LAOS at different
driving frequencies.
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MATERIALS AND METHODS

Preparation of MR Grease

For this research, MR grease is composed of lithium-based
commercial grease and CIPs. The lithium-based commercial
grease (Gadus S2 V220, Shell Ltd., Zhuhai, China) has an NLGI
grade of 0, which presents the appearance of brown mustard.
The CIPs are obtained from BASF Ltd. (Ludwigshafen, Germany)
and have an average diameter of 6 um. We prepared MRG-70 in
this study. The preparation processes are as follows: first, 140 g
of CIPs and 60 g of commercial grease were weighed and put
into two different vials. Then, the commercial grease was stirred
at 500 rpm for 10 min at the temperature of 80°C. Finally, the
prepared CIPs were dispersed into the commercial grease with a
mechanical stirrer at 800 rpm until the grease and the CIPs form
a stable and homogeneous product.

Experiment Methods
Fibrous Structure Observation

Magnetorheological (MR) grease has almost no sedimentation
problem because of the fibrous structure of the grease matrix. The
microstructures of the grease matrix and MRG-70 were observed
with a scanning electron microscopy (SEM) (FEI, Quanta 250
FEG). As indicated in a previous study, lubricating greases are
highly structured colloidal dispersions consisting of a thickener
dispersed in the base oil (Wang et al., 2019a). Due to the influence
of the base oil, it is difficult to see the fibrous structures of
the untreated MR grease through SEM. Delgado et al. reported
the solvent infiltration method to extract the base (Delgado
et al., 2006). However, we found this method to be effective
only for the grease with a higher NLGI grade. In this article,
we used ultrasonic centrifugation to extract the base oil, which
mainly consists of three parts: (1) adding a small amount of
sample into the hexane and stirring it with a glass rod for 30 s;
(2) using ultrasonic dispersion for 5 min; and (3) centrifuging
for 2 min at 10,000 rpm and discarding the centrifugal fluid.
Repeating the above steps three times can provide the sample
without the base oil.

Rheological Test

The rheological tests of MR grease under LAOS were all carried
out using the MCR 302 rheometer (Anton Paar instrument,
Graz, Austria) in parallel-plate geometry with a diameter of
20 mm. In the experiment, 0.4 ml of MRG-70 was injected
into the gap between the upper parallel plate and the base.
The gap was kept constant at 1 mm throughout the test.
The temperature was always controlled at 25°C. In each
LAOS test, a series of sinusoidal strain waves with different
strain amplitudes and frequencies were performed at a fixed
magnetic field. The strain amplitude varies from 0.01 to 100%,
and the frequency is set as 0.1 and 1.0 Hz, respectively.
Two different magnetic fields, i.e., 0 and 391 kA/m, were
selected for this study. To obtain a homogeneous reproducible
test, the sample was pre-sheared under 1/s for 1 min and
stalled for 30 s before formal testing. LAOS experiments are

tested for at least 30 cycles to ensure the response stress
at a steady state.

Rheological Analysis of LAOS Data

To obtain the elastic and viscous measures, the LAOS data
analysis processes are performed as follows: first, the real-time
response stress was analyzed by the FT-Chebyshev analysis, and
then, the n-th order elastic and viscous moduli, i.e., G’ n and
G’ n, were calculated (Wilhelm, 2002). Second, according to
the analysis of the results provided by Ewoldt et al. (2008), the
elastic and viscous Chebyshev coeflicients, i.e., e, and vy, can be
calculated as follows:

en = Zn: ) Gn(—l)(”_l)/z

ua (1)

where n =1, 3,5... and w is the angular frequency of LAOS.
Then, the newly defined elastic and viscous measures can be
represented as:

. 4e3 — 4e5+-8e7+- - -
Tey 4 e3 +estest -

)

4v3 — 4vs+8vy+- - -
T =2 5 7

= (3)
V1 + vz + vs+vy+ - -

where S is the strain-stiffening ratio and T is the shear-
thickening ratio.

RESULTS AND DISCUSSION
Microstructure of MRG-70 and CIPs

Figure 1 shows the microstructures of the fresh MR grease
product, i.e., MRG-70, and its matrix, i.e., commercial grease.
Figure 1a shows the microstructure of the lithium-based grease
matrix Figure 1b shows the microstructure of MRG-70, and the
white point in the figure is the CIPs and the dark background
is the grease matrix. From Figures 1a,b, it is difficult to observe
the fibrous structure due to the influence of the base oil in
grease. Figures 1lc,d show the microstructures of the grease
and MRG-70 with the extracted base oil, respectively. From
Figure 1c, the obvious 3D fibrous structures can be observed.
Due to the function of that entangled fibrous structures, the
CIPs in MR grease are trapped when the external magnetic field
is not applied, which can effectively avoid the sedimentation
problem of conventional MR fluid. In Figure 1d, the red arrow
represents the CIP, and the green arrow represents the entangled
fibrous structures. The CIP entangled by the fibrous structures
can be observed.

Oscillatory Strain Sweep Under Different

Frequencies and Magnetic Fields
The oscillatory strain sweep is widely utilized to detect the
viscoelastic rheological behavior of MR materials. Based on

Frontiers in Materials | www.frontiersin.org

April 2021 | Volume 8 | Article 642049


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Wang et al.

Field-Frequency-Dependent Non-linear Rheology Magnetorheological Grease

FIGURE 1 | SEM images of (a) grease matrix and (b) MRG-70 without magnetic field. (c) and (d) microstructures of the grease and MRG-70 with the extracted
base oil, respectively. The red arrow shows the CIP, and the green arrow shows the entangled fibrous structures.

whether the storage and loss moduli response depends on the
input strain amplitude, the oscillatory strain sweep can be divided
into LVE and NLVE ranges (Upadhyay et al, 2013; Agirre-
Olabide et al., 2014). In the NLVE range, the stress response
normally contains higher harmonics than the input frequency.
The LVE moduli, i.e., G’ and G", are actually the real and
imaginary coefficients of the first harmonics (Wilhelm et al.,
2000). Figure 2 shows the field-dependent storage and loss
moduli which vary with shear strain amplitude under different
frequencies, ie., 0.1, 0.5, 1, and 5 Hz. Figures 2A,B show
that, irrespective of the frequency, the LVE range without the
magnetic field is wider than that with the magnetic field, e.g.,
the critical strain amplitude between LVE and NLVE is around
0.2% without the magnetic field. When the magnetic field is
applied, the critical strain amplitude decreases to about 0.08%.

This is because the stronger CIP chain and cluster structures
are formed in the direction of the magnetic field. In addition,
in the NLVE range, for MRG-70 with the magnetic field at the
fixed frequency of 0.1 Hz (see Figure 2A), both storage and
loss moduli monotonically decrease with the strain amplitude,
indicating the intercycle shear thinning behavior. When the
oscillatory frequency is higher than 0.1 Hz, i.e, 0.5, 1, and 5 Hz
(see Figures 2B-D), the storage modulus of MRG-70 with the
magnetic field still exhibits a monotonic decrease, while the loss
modulus presents a typical overshoot at the onset of the non-
linear, and this phenomenon is more pronounced at the higher
magnetic field, e.g., 391 kA/m. The reason for the above feature
may relate to the shear rate-dependent viscoelastic relaxation and
thixotropy of the CIPs chain structures induced by the external
magnetic field (Ghosh et al., 2019). Through the earlier analysis,

Frontiers in Materials | www.frontiersin.org

April 2021 | Volume 8 | Article 642049


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Wang et al. Field-Frequency-Dependent Non-linear Rheology Magnetorheological Grease
A o B 107
f=0.1 Hz > e f=0.5 Hz
10° 'o’o»»»"" 100) @ % seesee,, ey,
ernrrriaediny rne,, “‘““‘“asf' " Sy,
_— FEPYPE] ‘#‘1‘1 44 T 1‘ “11 M ¥
g 10° vvvvvvvvvvvvyz,'Aitz i 1070 N RIIITV I vvvyy 3 ‘! ‘:....
0 0.. 6‘ 0] Yee s
= " “";;4!0 £ ol rxiieeastis
é .-............'..-"l-. : é !..l.l-l..--..lll..ll.- ’XXXEA:
@ 40 . -O.'oo.ocooocooo.ooooo:...'.' 4a @ 40 P’.o.o.l.o.o.ooocloooo...f:=='.
3 -.I:Q 3 '.I.o...
> 107 "8 .
© = G OkAm e G"_OkA/m @ 0F " G OkAm e G'_OkAm "
,_% A G'_96kA/m v G"_96kA/m (% A4 G_96kA/m v G"_96kA/m
10' + G'_194 kKA/m 4 G"_194 kA/m 10'F ¢ G_194KkA/m <« G"_194kA/m
» G'_391 kAlm e G"_391kA/m » G 391 kA/m o G" 391 kKA/m
100 | PR | n Fa— L il 4 10n 1 .T| | T Ll L
107 10" 10D 10' 107 102 10" 10° 10° 10?
Strain amplitude [%)] Strain amplitude [%]
c 10 D 10
N44994449000ta f=1Hz bbbbbbbbbbbbbbp>,b f=5Hz
10 m::m“m. " 10° ::III:::II::“
44 5 —_ #li
= 05 «ﬂ,vvv ‘ﬁ P .i s °
':"'._i. 10° #44388¢ YVVvy ‘i U... - i 10° 1':““'¢!“ vvvvv' 'iiz :E
® Q ‘ » .‘ Q' "..
3 10¢k .“ 4 = *x "Q 4
S CLEEELELLL LT T LT T S 0L b “QQ“J
3 L™ g NEEEEENEEEEEEEEEE, Ixy vﬂ
3 oooooooooooooooooooo......’. s Ll T X
= 10 'l... .ooo.ooooooooooooo.o-..,..'
2 B330ef B 10} "'l-..
9 10k " S Seee
] @ r .-l
=4 2 10° . . -
S 0k = G_0kA/m e G"_0kA/m © = G_0kA/m e G"_0KA/m
% A G'_9KA/m v G"_96KkA/m % A G 96kA/m v G"_96 kKA/m
10° F ¢ G_194kA/m <« G"_194 kKA/m 10" ¢ G_194kA/m <« G"_194 kKA/m
» G'_391kA/m e G"_391kA/m F » G_391kA/m e G"_391kA/m
10—1 " 1 " P aal " aaal 4 P—— al i 100 1 1 L 1 P il n
10°? 107 10° 10’ 10° 102 10" 10° 10 10°

Strain amplitude [%]

(C) 1, and (D) 5 Hz.

FIGURE 2 | Oscillatory strain sweeps were conducted under different magnetic fields, i

Strain amplitude [%]

®

., 0,96, 194, and 391 kA/m, at the fixed frequencies of (A) 0.1, (B) 0.5,

it can be seen that, when the frequency rises from 0.1to 5 Hz,
MRG-70 mainly exhibits two viscoelastic characteristics, namely
strain thinning in which G’ and G" decrease in the NLVE range
at 0.1 Hz and weak strain overshoot in which G’ decreases but
G" increases, followed by a decrease in the NLVE range at the
frequencies of 0.5, 1, and 5 Hz. Thus, the following part of the
paper will focus on the behavior of MR grease at 0.1 and 1 Hz to
characterize the above frequency-dependent viscoelasticity under
LAOS with different magnetic fields. In summary, the viscoelastic
behavior of MRG-70 under the oscillatory shear can be divided
into three parts: the LVE part, the onset of the NLVE part, and
the post NLVE part. In the LVE part, the storage modulus was
maintained constantly due to the elastic deformation of the CIPs
structures. As the shear strain amplitude approached the yield
point, i.e., the onset of the NLVE part, the CIPs chain or cluster
structures start to rupture, resulting in the overshot behavior of
loss modulus which is closely related to the frequency and the
magnetic field. With the further increase in the strain amplitude,
loss modulus exceeds the storage modulus, indicating that MRG-
70 entered into the viscous flow that prevents viscous dominant.
At this time, the destruction of CIPs chain structures caused by

shear and rearrangement of CIPs induced the magnetic field to
reach an equilibrium state.

Field-Dependent Elastic and Viscous
Lissajous Curves

It is well known that the storage/loss modulus obtained
from the oscillatory strain sweep demonstrates the average
viscoelastic properties over different oscillation cycles, i.e.,
intercycle rheology. However, it is difficult to characterize the
viscoelastic properties within an oscillation cycle, especially when
the shear strain enters the non-linear regime, i.e., intracycle
non-linear rheology (Hyun et al., 2011). To characterize the
intracycle non-linear properties of MRG-70 under the LAOS
test, the dependence of the response stress on time, shear
strain, and shear rate within one cycle for two different strain
amplitudes at a fixed frequency of 1 Hz is depicted in Figure 3.
Figures 3A-D show the stress response and the FT-Chebyhev
analysis of MRG-70 under the oscillatory shear with the strain
amplitude in the linear regime, ie., 0.1%. In this study, the
response stress of MRG-70 remained in a standard sinusoidal
waveform (Figure 3A). The elastic Lissajous curve shown in
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Figure 3B presented an elliptical shape where the tangent slope
at zero strain is equal to the storage modulus, ie., G, and
the area of the curve is proportional to the loss modulus, i.e.,
G". The above linear response can also be confirmed by the
results of FT-Chebyshev analysis where the relative intensity
from higher harmonics (n > 3) is equal to 0 (Figure 3D).
However, when the shear strain amplitude increased into the
non-linear regime, e.g., 10%, as shown in Figures 3E-H, the
time-history curve of the response stress shown in Figure 3E
deviated from the sinusoidal waveform. In the present study, the
elastic and viscous Lissajous curves were all distorted, indicating
the intracycle non-linearities of strain stiffening and shear
thinning, respectively. In this case, the contribution from higher-
order harmonics was detected by the FT-Chebyshev analysis
(Figure 3H). By comparing the stress response of MRG-70
under different shear strain amplitudes, i.e., 0.1 and 10%, it can
be concluded that the non-linearity of MRG-70 was strongly
dependent on the strain amplitude. In the following section,
the strain dependence of the non-linearity for MRG-70 under
different frequencies is discussed.

In the 3D Lissajous curve at a fixed shear strain amplitude,
the maximum instantaneous shear strain corresponds to the
minimum instantaneous shear rate, e.g., when y () = vy,
the shear rate is equal to 0. Similarly, when y (t) = 0, the
instantaneous shear rate reaches the maximum, i.e., = yoo.
As the shear strain amplitude varies, the intracycle stress at
the maximum instantaneous shear strain (shear rate), which is
shown in the shear strain (shear rate) domain, i.e., elastic and
viscous Lissajous curves, changes, and its location, can be used
to characterize the elastic and viscous contribution (Goudoulas
and Germann, 2019a,b). Figure 4 depicts the comparison of the
3D Lissajous curves under different shear strain amplitudes, i.e.,
0.01, 1, 10, and 100% at a fixed frequency of 1 Hz. At sufficient
small strain amplitude shown in Figure 4A, i.e., 0.01%, the area
of the elastic Lissajous (curve the green line in Figure 4A) tends
to be very small, and MRG-70 has the maximum intracycle stress
at yo. On the other hand, the intracycle stress at the maximum
shear rate, i.e., = Yo, in the approaches of the corresponding
viscous Lissajous (curves the blue line in Figure 3A) was 0.
This demonstrates that, at sufficient small strain amplitude, the
viscous contribution is 0, and MRG-70 only presents elasticity
during the oscillatory shear. With the further increase in shear
strain amplitude, i.e., 1 and 10% (Figures 4B,C), the area of the
elastic Lissajous curves rapidly increases and the intracycle stress
at the maximum shear rate increases between 0 and maximum
stress, indicating the emergence of the viscous contribution.
Thus, MRG-70 at the medium shear strain amplitude showed
the viscoelastic behavior composed of elastic deformation and
viscous dissipation. When the shear strain amplitude increased
to a large value, i.e., 100%, the elastic Lissajous curves showed
a shape of quadrilateral that represents the typical flow-induced
structure of MRG-70 under oscillatory shear with 100% strain
(Goudoulas and Germann, 2019a). Besides, the intracycle stress at
the maximum shear rate in the approaches of the corresponding
viscous Lissajous curves increased to the maximum value,
indicating that the non-linearity of MRG-70 at 100% comes
mainly from the viscous flow. In summary, the contribution of

the viscous part to the non-linearity of MRG-70 was highly strain
amplitude-dependent.

To provide a further qualitative analysis on the effect of
frequency and the magnetic field on the non-linear rheology
of MRG-70 under LAOS, the field-dependent elastic and
viscous Lissajous curves under LAOS with two typical driving
frequencies are shown in Figures 5-8. The left and right columns
in Figures 5-8 represent the elastic and viscous Lissajous
curves, respectively, in which the red dash lines represent the
corresponding decomposed shear stress, i.e., the intracycle elastic
and viscous stress. From Figure 5, without the magnetic field,
the Lissajous curves under the oscillatory frequency of 0.1 Hz
maintained linear behavior up to 4% shear strain. This is further
validated by the decomposed elastic and viscous stress that
linearly increased with instantaneous intracycle shear strain and
rate, respectively. However, as the oscillatory frequency increases
to 1 Hz, the critical shear strain from linearity to non-linearity
was decreased, i.e., around 1%, which demonstrated that the
onset of the non-linear behavior was frequency-dependent. On
the other hand, when the shear strain amplitude increased into
the non-linear regime, the non-linearities seem to be less affected
by the frequency, i.e., at frequencies of 0.1 and 1 Hz, and the non-
linearities of MRG-70 show the combination of strain stiffening
of elastic stress and shear thinning for energy dissipation, which
is confirmed by the upturn of the decomposed elastic stress and
the downturn of the decomposed viscous stress. In addition, as
the shear strain amplitude increased to a large value, e.g., 100%,
the contribution of the elastic stress to the non-linearity was kept
constant over a wide range of the oscillatory shear. For example,
from the elastic Lissajous curves at 100% shear strain amplitude
shown in Figure 5, the decomposed elastic stress linearly changed
with the instantaneous intracycle shear strain between — 90 and
90%. When the instantaneous intracycle shear strain approached
the maximum value, i.e., 100%, the decomposed elastic stress
presented a sharp increase. However, the similar behavior was not
appeared in the decomposed viscous stress, in which the slope of
that curve slowly changed over the whole oscillatory shear.

Figures 6, 7 show the frequency-dependent elastic and viscous
Lissajous curves under the small and medium magnetic fields,
ie, 96 and 194 kA/m, respectively. Different from MRG-70
without the magnetic field, when the magnetic field, i.e., 96 or
194 kA/m, is applied, the elastic Lissajous curves of MRG-70
deviated from the elliptical shape at the strain amplitude of
1% due to the arrangement of the CIPs along the direction of
the magnetic field, indicating that the LVE range was magnetic
field-dependent. Moreover, in the NLVE range, the elastic and
viscous Lissajous curves were observed to be less affected by
the frequency when the shear strain amplitude increased from
1 to 10%. With the further increase in the strain amplitude,
the shape of the elastic and Lissajous curves exhibited a strong
frequency dependency. For example, at the shear strain amplitude
of 60% under 0.1 Hz, as shown in Figures 6, 7, the elastic
Lissajous curves presented a plateau after the shear strain
changed the direction. However, a typical overshoot behavior was
observed under the frequency of 1 Hz. Such behavior was further
strengthened as the shear strain amplitude increased to 100%.
The reason for the above characteristics can be attributed to
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the frequency-dependent relaxation of the CIPs chain or cluster
structures. On the other hand, from the decomposed elastic and
viscous stress, as shown in Figures 5-7, at two frequencies, i.e.,
0.1 and 1 Hz, the elastic non-linearity of MRG-70 under the
magnetic fields of 0, 96, and 194 kA/m always showed strain
stiffening. However, the viscous non-linearity contains two types,
namely shear thickening and then shear thinning, as the magnetic

field increases from 96 to 194 kA/m. This is different from MRG-
70 that only exhibits viscous non-linearity of shear thickening
under zero magnetic field.

Figure 8 depicts the elastic and viscous Lissajous curves
under the application of the large magnetic field, i.e., 391 kA/m.
In Figure 8, the LVE response, represented by the elliptical
shape of the Lissajous curves, can be observed at sufficient
small shear strain amplitude, i.e., 0.1%. When the shear strain
increased from 0.1 to 100%, it was observed that the non-linear
behavior of MRG-70 under the magnetic field of 391 kA/m
was almost independent of the oscillatory frequency, and the

Frontiers in Materials | www.frontiersin.org

typical overshoot behavior was disappeared, which is different
from that under the small and medium magnetic fields, i.e.,
96 and 194 kA/m, as shown in Figures 6, 7. In the NLVE
range, the non-linearity of MRG-70 with the magnetic field of
391 kA/m, shown in the elastic domain, was similar to that under
the magnetic field of 194 kA/m, i.e., strain stiffening, and the
viscous non-linearity of MRG-70 first presented an obvious shear
thickening, followed by shear thinning. By comparing Figures 5-
8, as the magnetic field increased from 0 to 391 kA/m, the
decomposed elastic stress curve under 0.1% strain amplitude
approaches coincided with the elastic Lissajous curves, and the
slope of the corresponding decomposed viscous stress curve
tended to be zero, and this feature was less affected by the
frequency. Therefore, we can conclude that MRG-70 at the
large magnetic field, i.e., 391 kA/m, under sufficient small strain
amplitude almost exhibits purely elastic materials, which is
attributed to the fact that the stronger chain or cluster structures
are formed. Moreover, in the NLVE range with a large strain
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amplitude, as the increase of the magnetic field, the elastic curves
of MRG-70 gradually formed a quadrilateral shape, indicating
that the apparent flow-induced structure was dominated by
viscosity. This was also validated by the decomposed elastic
and viscous stress. Another interesting phenomenon that can
be found from Figures 6-8 is that, as the magnetic field

increases, the decomposed elastic stress at the higher shear strain
amplitude was zero during the instantaneous intracycle shear
strain. For example, under the magnetic field of 391 kA/m at
100% strain amplitude, the decomposed elastic stress of MRG-
70 would be zero during the instantaneous intracycle shear strain
between — 45 and 45%. This implies that the contribution of
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the intracycle elastic stress to the non-linearity within that range
is almost zero. In summary, by comparing Figures 5-8, it can
be concluded that the external magnetic field has a large impact
on the non-linearity rheology of MRG-70, especially the viscous
contribution to the non-linearity at large shear strain amplitude,
and the effect of the oscillatory frequency on the non-linearity

was also magnetic field-dependent. For instance, due to the
formation of the stronger CIPs chain or cluster structures under
the large magnetic field, i.e., 391 kA/m, MRG-70 exhibited purely
elastic material behavior at sufficient small strain, e.g., 0.1%, but
fluidlike structure was dominated by viscous dissipation at large
shear strain, e.g., 100%.
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Elastic and Viscous Measures of MRG-70

The elastic and viscous measures, i.e., Chebyshev coefficients
ratios,  strain-stiffening, and  shear-thickening ratios,
corresponding to Figures 5-8, were used to quantitatively
analyze the field-dependent non-linearities of MRG-70 at two
different frequencies. In this study, we used the different orders

of elastic (viscous) Chebyshev coefficients, i.e., e; (v1), e3 (v3),
es (vs), etc., to calculate the strain-stiffening (shear-thickening)
ratios since they can better reconstruct the decomposed elastic
(viscous) stress. Figure 9 shows the elastic measures, i.e., third-
order elastic Chebyshev coefficient, es/e;, and strain-stiffening
ratio, S, as a function of the shear strain amplitude under
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different oscillatory frequencies, i.e., 0.1 and 1 Hz, and magnetic
fields, i.e., 0, 96, 194, and 391 kA/m. As mentioned in the
“Introduction” section, S and e3/e; have the same sign and can
be used to interpolate the intracycle non-linearities of elastic, i.e.,
S and e3/e; > 0 represent strain stiffening and S and es3/e; < 0
represent strain softening (Ewoldt et al., 2008). From Figure 9,
S and e3/e; all tended to zero at low shear strain amplitude, i.e.,

0.4, 0.06, 0.1, and 0.4% for 0, 96, 194, and 391 kA/m, indicating
the LVE response. The critical shear strain obtained in this study
was little different from that shown in Figures 5-7. The reason is
that, for detecting the transition from linearity to non-linearity,
higher-order Chebyshev coefficient were more accurate than the
elastic and viscous Lissajous curves (Renou et al., 2010). After
entering into the non-linear range, S and es/e; had the same
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trend and are positive at two different oscillatory frequencies
under the magnetic fields of 0 and 391 kA/m, indicating the
intracycle strain-stiffening behavior. However, under the small
and medium magnetic fields, i.e., 96 and 194 kA/m, S or e3/e;
changes to be negative and shows the frequency dependency,
suggesting the strain-softening behavior which is different
from the results shown in Figures 6, 7. The reason is that the
decomposed elastic stress curves are interfered by the yield
behavior. Moreover, from Figures 9A-D, the dependence of
the elastic non-linearity on shear strain amplitude was less
affected by the oscillatory frequency but had a close relationship
with the external magnetic field. For example, S and es3/e;
almost exhibited the same trend with the strain amplitude at
two different frequencies. However, under large shear strain
amplitude (>40%), S and es/e; decreased with the shear strain
at 0 kA/m but increased with the shear strain amplitude when
the magnetic field was applied. This shows that the non-linear
elastic contribution at large shear strain amplitude (>40%) was
enhanced when the magnetic field was applied. The possible
reason is that MRG-70 undergoes the interaction between the

breaking and reorganization of the CIPs chain structures under
the combination of oscillatory shear and magnetic field.

Figure 10 shows the shear strain amplitude-dependent
viscous measures, i.e., third-order viscous Chebyshev coefficient,
v3/v1, and shear-thickening ratio, T, at two different oscillatory
frequencies, ie., 0.1 and 1 Hz, and magnetic fields, ie., 0,
96, 194, and 391 kA/m. Similarly, T and v3/v; can be used
to interpolate the intracycle non-linearities of viscous, i.e.,
T and v3/v; > 0 representing shear thickening, and T and
v3/vy < 0 representing shear thinning (Ewoldt et al., 2008).
From Figures 10A-D, T and v3/v; fluctuate and suffer from
more residual noise than the elastic measures within the linear
regime at a large magnetic field, i.e., 0-0.07% for 391 kA/m.
The reason is that the viscous contribution to the total stress
response at this stage was too small, which is also verified in
Figure 8. Moreover, when the magnetic field is not applied,
an identical intracycle non-linear behavior, i.e., shear thinning,
was observed throughout the non-linear regime, as indicated by
the negative of T and v3/v; (Figure 10A). However, when the
magnetic field is applied (Figures 10B-D), MRG-70 exhibits two
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different viscous non-linear behaviors in the non-linear regime
from 0.1 to 100%, i.e., shear thickening first, followed by shear
thinning, which complies with the qualitative analysis shown in
Figures 6, 7. Moreover, the critical strain amplitude between
shear thickening and shear thinning is frequency- and magnetic
field-dependent. For instance, the critical strain amplitude under
0.1 Hz was always smaller than that of under 1 Hz for different
magnetic fields, e.g., 15% for 0.1 Hz and 40% for 1 Hz under the
magnetic field of 96 kA/m. Comparing Figure 10 with Figure 9,
we can conclude that the intracycle non-linearity of viscous seems
to be more sensitive to the magnetic field in comparison with the
non-linearity of elasticity.

To characterize the frequency-dependent composition of the
non-linearity for MRG-70 under different oscillatory strain
amplitudes and magnetic fields, the comparison between S and
T as a function of strain amplitude is shown in Figure 11.
It can be seen that, in the LVE range, the elastic and viscous
contributions are equal to 0. Along with the increasing shear
strain amplitude, the NLVE appeared. From Figure 11A, the
appearance of the non-linearity without the magnetic field seems

to be slightly affected by the magnetic field. However, under
the application of the magnetic field shown in Figures 10B-D,
the onset of the non-linearity is frequency-dependent, i.e., the
appearance of the NLVE under 0.1 Hz is always fast than that
of under 1 Hz. On the other hand, in the NVLE range, the non-
linearity of MRG-70 under the magnetic field of 0 kA/m was
portrayed as the combination of strain stiffening (S > 0) and
shear thinning (T < 0) through the non-linear range. However,
when the magnetic field is applied, MRG-70 shows a substantial
variation with the non-linear strain amplitude. For example,
at the magnetic field of 391 kA/m, as shown in Figure 11D,
MRG-70 only showed shear thickening (T > 0) at the onset of
the non-linearity, ie., 0.04 to 0.4%. Then, in the shear range
from 0.4 to 2%, the non-linearity consisted of strain stiffening
(S > 0) and shear thickening (T > 0). Above 2% strain, the non-
linearity showed the combination of strain stiffening (S > 0) and
shear thinning (T < 0). Interestingly, the similar behavior was
also observed for MRG-70 at the oscillatory frequency of 1 Hz
(Figures 11B-D). Combining the study on the strain dependence
storage and loss modulus shown in Figure 2, we found that, in
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the shear strain range of S > 0 and T < 0, e.g., about 4-100%
under 96 kA/m, 8-100% under 194 kA/m, and 5-100% under
391 kA/m, the corresponding storage and loss moduli always
decreased with the shear strain. This phenomenon indicates
that, in the post-yield range, the non-linearity of MRG-70 with
the magnetic field exhibited the strain stiffening for the elastic
stress and predominant shear thinning of the energy dissipation.
Finally, the above analysis points out that the non-linear rheology
of MRG-70 had little relationship with the oscillatory frequency
but was highly affected by the shear strain amplitude and external
magnetic field, which is composed of different elastic and viscous
intracycle physical mechanisms.

CONCLUSION

We studied the field-dependent non-linear rheology of MRG-70
under LAOS at different driving frequencies. First, the storage
and loss moduli under the frequencies of 0.1, 0.5, 1, and 5 Hz
were compared, and the results showed that, when the frequency
rose from 0.1 to 5 Hz, MRG-70 mainly exhibits two viscoelastic

characteristics, i.e., strain thinning in which G’ and G" decrease
in the NLVE range at 0.1 Hz, weak strain overshoot in which G’
decreases but G" increases, followed by a decrease in the NLVE
range at frequencies of 0.5, 1, and 5 Hz. Moreover, the viscoelastic
behavior of MRG-70 under oscillatory shear can be divided into
three parts: linear region, the onset of the non-linear region,
and the post-yield region. Second, the 3D Lissajous curves and
the decomposed elastic and viscous stress curves were presented
and utilized to qualitatively analyze the field-dependent non-
linear rheology of MRG-70 at two typical frequencies. It was
found that, irrespective of the frequency, MRG-70 always has
elasticity during the oscillatory shear at the sufficient small
strain amplitude. When the strain amplitude increased to a
large value, the elastic Lissajous curves presented with the shape
of quadrilateral, and the maximum stress in viscous Lissajous
curves was located at the maximum shear strain of £ yyw,
indicating that the non-linearity of MRG-70 at 100% mainly
comes from viscous flow, and the above behavior has highly
dependent on the external magnetic field. Finally, the elastic and
viscous measures, i.e., Chebyshev coefficient ratios (e3/e; and
v3/vy), strain-stiffening ratio (S), and shear-thickening ratio (T),
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were used to conduct the quantitative analysis to characterize the
non-linear rheology of MRG-70. It was demonstrated that the
onset of the non-linear behavior of MR grease was frequency-
dependent when the magnetic field was applied. However, in
the post-yield region, the field-dependent non-linear rheology of
MRG-70 had little relationship with the oscillatory frequency but
was highly affected by the shear strain amplitude.
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