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Co nanofibers were synthesized by a surfactant-assistant solvothermal method. They were characterized
by XRD, EDS, SEM, TEM and SQUID. The resultsindicated that the obtained products were hexagonal
close-packed cobalt nanofibers with high purity. They presented large length to diameter ratio, and a high
saturation magnetization of 142 emu g*. Two magnetorheolgical (MR) fluids were prepared by the Co
nanofibers and carbonyl iron particles with 12% particles volume fraction, respectively. Their
magnetorheol ogical properties and sedimentation stability was tested and compared. The results indicated
that the Co nanofibers-based MR fluid presented higher yield stress than the carbonyl iron particles-based
one at low field levels (0~150 kA/m). The strong chains or column structure caused by the specific
morphology and high magnetization of the Co nanofibersis responsible for their significant MR
properties. In 15 days setting, the Co nanofibers-based MR fluid presented little sedimentation, while the
sedimentation ratio of the carbonyl iron particles-based MR fluid was 50%. The Co nanofibers are ided
candidates to prepare MR fluids with good sedimentation stability as well as good magnetorheol ogical

properties.

1 Introduction

Magnetorheological (MR) fluids are suspensions composed of
magnetizable particles dispersed in a non-magnetizable carrier
fluid. %2 Without a magnetic field, they are Newtonian fluids with
free flow. When a magnetic field is applied, they become semi-
solid materials, or Bingham fluids, with a yield stress*® The
yield stress can be reversibly controlled by magnetic field
strength, which makes MR fluids are successfully used in
clutches, dampers and actuators in various fields. Typicaly, they
are used in semi-active controllable fluid dampers for vehicles
and buildings protection against vibrations.”*®

Carbonyl iron (Cl) particles exhibit high magnetic permeability
and high saturation magnetization. Therefore, they have been
widely used as the magnetic phase to prepare MR fluids. The MR
fluids fabricated with silicone oil and micro Cl particles with high
concentration show great yield stress (~100 kPa) at 250 kA/m.
1435 However, still some problems exist, which prevent MR fluids
from further applications. One problem is that the MR fluids with
better MR properties than the Cl particles-based fluids are in need.
Another one is the Cl particles-based MR fluids often subject to
thickening after prolonged use.’®'” Adding surfactant or coating
polymer could improve the sedimentation stability to some extent,
but at the cost of the MR effect.’**° Recent theoretical studies
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indicated that using rod-like or fiber-like particles could fabricate

MR fluids that would have more significant MR effect and better

sedimentation stability than those with sphere-like particles.??

Unfortunately, it is difficult to prepare iron particles with rod or
45 fiber morphology. In 2010, Juan de Vicente et a prepared iron
particles with different morphologies by using a two-step
synthesis route, and studied the effect of particle shape on MR
properties of the MR fluids with low particles volume fraction.?
However, the influence of the particle shape on sedimentation
properties of MR fluids was seldom investigated. Besides, it is
more meaningful to prepare MR fluids with comparable yield
stress to commercia Cl particles-based materials.

Compared with iron particles, the morphology of the cobalt
particles can be easily controlled.??® Considering cobalt is also a
ss ferromagnetic  material, cobalt particles  with  fiber-like

morphology may be used to prepare a MR fluid with high particle

content to verify the benefits of the fiber shape.?” In this study,
cobat nanofibers, which also present high saturation
magnetization, were synthesized by using a solvothermal method.

e A MR fluid based on the Co nanofibers was prepared with 12%
particles volume fraction. Its magnetorheological properties and
sedimentation stability were tested and compared with the MR
fluid with commercia spherical Cl particles.
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2. Experimental
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2.1 Prepar ation and char acterization of cobalt nanofibers

Co nanofibers were synthesized by a surfactant-assistant
solvothermal method. All chemicals were of analytical grade and
used without further purification. In a typical procedure, firstly
1.1896 g of CoCl,*6H,0 and 70 pl of Brij30 were dissolved into
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35 ml of ethylene glycol under magnetic stirring until a
homogeneously red solution was formed. Then 0.5 g of PVP was
added sowly to the above solution with simultaneous strongly
agitation. Subsequently, 10 ml of ethylenediamine and 10 ml of
NaOH solution (5 M) of deionized water were added dropwise to
the above solution with simultaneous strongly agitation. After
refluxing for 30 min, the resulting mixture was transferred into a
100 ml Teflon-lined autoclave, which was sedled tight and
maintained at 180 °C for 24 h. After being cooled to room
temperature naturadly, the precipitates were obtained by
centrifugation. The powder was thoroughly rinsed with distilled
water and ethanol, followed by the removal of the residua
solvent through drying at 50 °C for 24 h to obtain the final
products.

The phases were identified by means of X-ray diffraction
(XRD) with an Empyrean X-ray diffracometer with Cu Ka
radiation (1=1.5418 A) at a scan rate of 0.04 s*. The distribution
of the particle size was obtained by alaser diffraction particle size
analyzer (Mastersizer 2000). The morphology and composition of
the products were investigated by a JSM-5600LV scanning
electron microscopy (SEM) with X-ray energy-dispersive
spectroscopy (EDS). Transmission electron microscopy (TEM)
observation was obtained on a Tecnai G220 S-Twin microscope.
Magnetic measurements were carried out using a Quantum
Design superconducting quantum interference device (SQUID)
magnetometer (MPMS-XL-7) at fields up to 10 kOe.

2.2 Preparation and evaluation of Co nanofibers-based MR
fluid

Carbonyl iron micro-particles purchased from Jiangyou Hebao
Nanomaterial Co., Ltd. were used to produce the Cl particles-
based magnetorheological fluid. Silicon oil with a dynamic
viscosity of 0.5 Pa-s was used as the carrier liquid. Cl particles
and Co nanofibers were mixed with silicone oil to prepare two
different MR fluids, the particle volume fraction of which is 12%,
respectively. They are named as CI-MRF and CoF-MRF in short
in the following text.

Viscosity-shear rate curves at zero magnetic field, shear stress-
shear rate curves at different magnetic fields, and dynamic shear
moduli under different strain amplitude and angular frequency
were measured by using arheometer Physica MCR301 fitted with
a magneto-rheologica module, which can apply different
magnetic fields by changing direct current. The diameter and the
gap of the parallel-plate system were 20 mm and 1 mm,
respectively. All the measurements were performed at room
temperature. The sedimentation experiments were carried out at
room temperature by using cuvettes. The sedimentation ratio,
defined by the height percentage of the particle-rich phase
relative to the total suspension height, was used to evauate the
sedimentation stability of the MR fluids.

3. Results and discussion
3.1 Properties of Co nanofibers

The size and morphology of the Co nanofibers were examined by
SEM and TEM. A typica SEM image (Fig.1a) reveals that the
products are Co nanofibers, whose length is in the range several
tens micrometers to hundreds of micrometers. The TEM image of
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the Co nanofibers is shown in Fig.1b. It indicates the diameter of
each nanofiber is uniform over its length. The average diameter is
less than 100 nm. Figure 2 shows the particle size distribution of
the Co nanofibers and the ClI particles. It indicates the two kinds
of particles have similar equivalent scattering diameter. For Co
nanofibers, the equivalent scattering diameter is equivalent to
their length. Since the average length of the Co nanofibers is
~20um, their average length to diameter ratio is larger than 200.

The XRD pattern of the Co nanofiber is shown in Fig.3. All the
diffraction peaks can be indexed as Co with hexagonal structure.
The lattice constants of a=2.506 A and ¢=4.072 A are consistent
with the standard card JCPDS card No. 05-0727 (space group
P6s/mmc). No obvious peaks resulted from impurities of cobalt
oxides or hydroxides are observed, indicating that the
nanostructures obtained by the synthetic route consist of a pure
hcp phase. The average crystal size calculated based on the
Scherrer Equation is 36 nm. The selected-area electron diffraction
(SAED) pattern indicates the Co nanofibers are single-crystalline
that grow along the (110) direction.?” Figure 4 shows the EDS of
the as-prepared products, which presents significant signals for
Co. The small amount of carbon detected in Fig.4 is possibly
from the remaining of some surfactant on the surface.

Figure 5 shows the magnetic hysteresis loops of the Co
nanofibers and the Cl particles at 300 K. The saturation
magnetization (M) of the Co nanofibers is 142 emu g, which is
sight lower than their bulk counterpart (168 emu g), but much
lower than that of the CI particles (193 emu g%). The coercivity
of the Co nanofibers is 343.2 Oe, which is much larger than that
of bulk cobalt (10 Oe). It can be attributed to their small size,
remarkable shape anisotroty, and hcp crystal structure. On
contrast, the ClI particles exhibit little coercivity. At low field
levels, the magnetization intensities of two kinds of particles are
nearly equal, while at high field levels, the Cl particles presents
larger magnetization intensity.
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3.2 Properties of MR fluids based on Co nancfibers

Figure 6 presents the flow curves at zero field for the two MR
10 fluids containing 12% CI particles and Co nanofibers by volume
fraction, respectively. Due to the shear-thinning effect, the
viscosities of the two fluids decrease dramatically with increasing
shear rate at low shear rate levels, and then the changes become
gently and reach a constant value at high shear rate levels. At low
15 shear rate, CoF-MRF presents lower viscosity than CI-MRF. The
possible reason is that the length direction of the Co nanofibers
orients to the flow direction under shear load. However, at high
shear rate there are little differences on viscosity between the two
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fluids. It indicates the influence of the particle morphology on the
viscosity of the MR fluids can be ignored at high shear rate levels.
The possible reason is that the particles aggregation completely
decomposes at high shear rate without respect to the particle
morphology, in which case the particle volume fraction plays the
dominate role on the viscosity of the MR fluids.

Figure 7 represents shear stress as a function of shear rate for
CI-MRF and CoF-MRF under different magnetic field strengths
(OkA/m, 82 kA/m, 142 kA/m, 186 kA/m, 220kA/m and
250kA/m). The two MR fluids present Newtonian behavior in
absence of magnetic field, the relationship between shear stress
and shear rate is a straight line passed the original point. At a
magnetic field, typical Bingham behavior can be observed for
both of the two MR fluids. The fitting curves based on the
Bingham model agree well with the experimental data. The
vertical intercept of each fitting curve can be considered as the
yield stress under the corresponding magnetic field. Therefore,
the dependence of the yield stress of the two MR fluids on
magnetic field is obtained, as shown in Fig.8. Their yield stress
increases with increasing magnetic field strength, indicating
significant MR effect. The formation of robust columns
composed by magnetic particles is responsible for the MR effect.
At 250 kA/m, the yield stresses of CI-MRF and CoF-MRF are 60
kPa and 41 kPa, respectively. Although the yield stress of CoF-
MREF is lower than that of CI-MRF at high magnetic field levels,
it is higher than the later at low field levels (0~150 kA/m). The
main reason is that at low magnetic field, the fiber morphology of
the magnetic phase plays a dominate role for the high yield stress
of CoF-MRF. The dipole-dipole interaction among the adjacent
nanofiers is stronger than that among the sphere-like particles,
which have been stated in several theoretical studies. Another
reason that cannot be neglected is that the Co nanofibers present
comparable magnetization intensity with Cl particles at low field
levels, as shown in Fig.5. Besides, the demagnetization effect of
sphere-like particles is much more significant than that of the
fiber-like particles, which further makes the magnetization
intensity of the Co nanofibers is higher than that of the CI
particles. As stated in previous studies, the yield stress of MR
fluids positively depends on the magnetization intensity of the
dispersing particles®# This also can explain that the CI-MRF
exhibits higher yield stress than the CoF-MRF. The excellent MR
effect of CoF-MRF at low magnetic field is meaningful, because
in most applications it is difficult to get a high magnetic field
strength. Besides, the yidld stress that exceeds 30 kPa can meet
the requirement in most fields.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00—00 | 3



RSC Advances

3000 4
25004  Tw —— CI-MRF

! — — CaoF-MRF
2000 B

1500

toon{ k

Viscosity (Pa.s)

500 iy o

o

" oy
0. ..-.H-I|'.|-q“m_‘ - —

=y e e

Shear rate (s”)
Figure 6 Dependence of viscosity of CI-MRF and CoF-MRF on

shear rate
Gl
|(a)
] .. R
- e S50 kAdm
& g e e i
i 186 ki
w P e
U1 s
E 142 kASm
@ bl it e
b
E B2 kAfm
m 1 it —— ——— i
0 kASm
1 D E
0 20 40 &0 &l 100
Shear rate (s7)
70 (b)  Z50km
AR e R R el
e B . 220 M
m i st
= UL 186 kA/m
gn'-' A0 ___________.._
z
» 142 kajm
4 R P R e
—1 T
T 204 — |
= 82 kA/m
0 kAm
) e e et A A R LT DTy
¢ 20 40 60 B0 100

5 Shear rate (s™)
Figure 7. Shear stress versus shear rate curves. (a8) CoF-MRF, (b)
CI-MRF

8

== C|-MRF
CoF-MRF

5 8
".,__. \

Yield stress (kFa)
2

g B
\
\

0 50 100 150 200 250
Magnetic field (k&/m)

10 Figure 8. Dependence of yield stress of CI-MRF and CoF-MRF
on magnetic field

Figure 9 shows the dependence of the dynamic shear moduli of
CoF-MRF and CI-MRF, including storage modulus G’ and loss
15 modulus G”, on strain amplitude at a constant angular frequency
of 10 rad/s. Without a magnetic field, their storage modulus and
loss modulus decrease with increasing strain amplitude, and the
storage modulus is smaller than the loss modulus when the strain
amplitude reaches a small value (0.1% for CoF-MRF, and 0.2%
2 for CI-MRF), indicating a liquid-like state in absence of the
magnetic field. When a magnetic field is applied, their storage
modulus keeps unchanged at low strain amplitude and then
decreases with increasing strain when it reaches a critical value,
while the loss modulus initially dlightly increases and then
2 decreases. Below the critical strain amplitude, the MR fluids are
considered in linear viscodlastic (LVE) region. When the strain
amplitude exceeds the critica value, the chains or columns
formed by the magnetized particles becomes unstable, and the
MR fluids are in nonlinear viscoelastic region. As the magnetic
2 field strength rises, the critical strain amplitude that the storage
modulus begins to decline increases, which is highlighted by the
red arrows in the two subfigures. It indicates that the chain
structure becomes more rigid at higher magnetic field levels.
Besides, it can be seen from Figure 9 that at low strain amplitude
s levels, the storage modulus is higher than the loss modulus,
indicating a solid-like state due to the formation of chains or
columns aong the field direction. However, at high strain
amplitude levels, the storage modulus is lower than the loss
modulus, indicating the failure of the chain structure due to the
40 complete separation of the particles. At the same magnetic field,
the cross point between the storage modulus curve and the loss
modulus curve corresponds to the strain amplitude that the MR
fluids are transforming from solid-like state to liquid state. It can
be expected that the cross point move to high strain amplitude
45 with increasing magnetic field, even some of the points are not
shown in the two subfigures due to the limit range of the strain
amplitude in the tests. It also indicates the chains or columns
composed by the particles are more rigid under higher magnetic
field.
so  Figure 10 further shows the dependence of the critical strain
amplitude that keeps the MR fluids in LVE region on magnetic
field. As the magnetic field increases, the critica strain
amplitude promotes. At the same magnetic field, the Co
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nanofibers-based MR fluid presents higher critica strain
amplitude than the Cl particles-based MR fluid. It further
confirms the chains or columns formed by the Co nanofibers are
stronger than the Cl particles. The unique morphology of the Co
nanofibers may be responsible for their robust structure.
Interestingly, even at high magnetic field levels, the CoF-MRF
still exhibits higher critical strain amplitude. However, at high
field levels, the CI-MRF has higher yield stress, as shown in
Fig.8. It indicates there may be some other factors that influence
10 the yield stress of the MR fluids, which should be further studied
in future.

Small-amplitude oscillatory shear frequency sweep curves at a
congtant strain (0.01%) and different magnetic field strength
(OkA/m, 82 KA/m, 142 kA/m, 186 kA/m, 220kA/m and 250kA/m)

1s are presented in Fig.11 for the two MR fluids. As it is shown,
under a magnetic field, their storage modulus initialy increases
with increasing angular frequency. Nevertheless, it remains
nearly unchanged when the angular frequency exceeds a critical
value. The possible mechanism is that the chain or column

20 structure formed by the magnetized particles becomes unstable
under low loading frequency. As the magnetic field increases,
the chain or column structure becomes more rigid; as aresult, the
critical angular frequency decreases. It is also can be observed in
Fig.11 is that under the same magnetic field, the CoF-MRF

25 presents higher storage modulus compared with the CI-MRF.
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Figure 9 Dependence of the dynamic shear moduli (storage
30 modulus G’ and loss modulus G ) of (a) CoF-MRF and (b)
CI-MRF on strain amplitude at a constant angular frequency of
10 rad/s

Since both of the two MRFs are in the LVE region at 0.01%

35 strain amplitude without respect to the applying magnetic field,
the data at 0.01% in Fig.9 are extracted to compare their dynamic
moduli, as shown in Fig.12. The storage modulus of the two
MRFs increases with increasing magnetic field, indicating more
rigid chains or columns are formed by the particles. Besides,

o under low field levels (0~150kA/m), the CoF-MRF present
higher storage modulus than the CI-MRF, which is due to the
fiber-like morphology, high magnetization, and low
demagnetization factor of the Co nanofibers. Owing to the similar
trend of yield stress and storage modulus with respect to magnetic

45 field and particle morphologies, the increase in yield stress can be
partialy attributed to the increase in G’. Nevertheless, it appears
unlikely for them to grow simultaneoudly, indicating the possible
existence of some other reasons for the increase in yield stress
observed.

s Figure 13 shows the dependence of sedimentation ratio on time
for the two MR fluids. In the first 2 days, Cl particles settled
down rapidly, and the sedimentation ratio of CI-MRF was ~50%.
Then the sedimentation velocity becomes dow, and the
sedimentation ratio tended to a stable value. In contrast, the

s5 sedimentation ratio of CoF-MRF kept at ~100% in the recording
15 days, indicating little Co nancfibers settled. The CoF-MRF
presents much more excellent sedimentation stability compared
with the common CI-MRF. The one-dimensional nanoscale of the
Co nanofibers is the main reason for its good sedimentation

e0 Stability. On one hand, the Brownian motion for the nanofibers in
the fluid is intense enough to balance the gravity. On the other
hand, the Co nanofibers may form stable network due to their
large length to diameter ratio, which is aso beneficial for the
improvement of the sedimentation stability.
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4 Conclusions

Co nanofibers were synthesized and used to prepare a
magnetorheological fluid with 12% additive volume fraction. The

Co nanofibers present high saturation magnetization and large

20 length to diameter ratio. At low field levels, the Co nanofibers-
based MR fluid exhibits larger yield stress compared with the
common carbonyl iron particles-based MR fluid with the same
particle volume fraction. More strong chain structure may be
formed in the Co nanofibers-based MR fluid due to the fiber-like

25 morphology of the particles, which givesrise to their high storage
modulus in the linear viscoelastic region. The most remarkable
advantage of the Co nanofibers-based MR fluid is its excellent
sedimentation stability; no obvious settling was observed during
15 days standing.
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