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Abstract
In the present work, we investigated the role of cellulose beads as additive for tuning of shear thickening (ST) behavior of
traditional colloidal silica-based shear thickening fluids (STFs). STFs were synthesized with colloidal silica in liquid polyethyl-
ene glycol (PEG-200). The ST behavior of cellulose-based STF was compared with silica-based STF in terms of the steady-state
and dynamic rheological studies while keeping the same total mass loading in PEG-200 polymer matrix. The ST behavior of
cellulose-based STF was found to be more than three times higher than the silica-based STF at the same concentration. It can be
expected that the cellulose beads with dense surface hydroxyl groups are a prime reason for improved interfacial interaction
between the liquid PEG chains and the PEG-coated silica nanoparticles through strong hydrogen bonding. Both the steady-state
and dynamic rheological analyses confirmed the better shear thickening and strain thickening behavior, respectively, as well as
higher energy absorption property for cellulose-based STFs. The improved ST behavior of porous cellulose-based STF is
definitely due to the cluster formation. This has been justifiably complemented by SEM and in situ rheological microscopy
analyses.
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Introduction

Shear thickening is one of the most interesting rheological
phenomena of colloidal suspensions observed over the past
decades [1]. Shear thickening is a characteristic behavior in
concentrated suspension composed of hard particles which
usually show an exponential increase in viscosity when the
shear rate increases to a critical value [2, 3]. At low shear rates,

the shear thickening fluid (STF) has low viscosity and flows
easily. However, when a sudden impact is applied (at higher
shear rates), the fluid is transformed into a solid-like state.

Various mechanisms have been formulated to explain shear
thickening behavior of concentrated suspensions. In a very
early study, Hoffman (1972) had proposed that at higher de-
formation rate, an order-disorder transition of particles causes
rise in viscosity [4, 5]. However, the most widely accepted
mechanism is the shear-induced Bhydroclusters^ in which hy-
drodynamic lubricating forces completely overcome the inter-
particle repulsive forces at high shear rate, and this results in
shear induced self-assembled hydroclusters that increase the
viscosity. This hypothesis was further supported by a detailed
rheological, optic-SANS, and simulation studies [6–9].

The systematic tuning of rheological properties of STFs, to
a point where its fluid-like behavior is transformed into a
solid-like non-linear state, makes it a good choice for various
engineering applications [10–15] such as body armors,
damping devices, smart structures, and medical devices etc.
Chu et al. observed that shear thickening behavior of STF is
drastically effected by the surface properties of silica particles
[16]. Petel et al. [17, 18] investigated the particle strength and
bulk density of STF on ballistic resistance. According to their
findings, increased thickening behavior and particle strength
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under dynamic conditions are the main cause for ballistic re-
sistance of the STFs. Impregnation of STFs on conventional
ballistic materials, such as Kevlar, was observed to enhance
their ballistic performance and was found advantageous as it
can retain their flexibility with an overall reduction of weight
of the fabric [19–24].

Hunt et al. [25] investigated the use of STF to control the
stiffness of composite structures by controlling rheological
properties and discussed their future applications in the fields
of aeronautics, aerospace, sports equipment, and consumer
goods.William et al. [26] examined STF-based medical cloth-
ing and support structures, where they exploited the viscosity
change on a sudden acceleration to prevent the puncture prone
area of body parts from sudden impact. Galindo-Rosales et al.
[27] have developed environment-friendly composite struc-
ture made up of micro-agglomerated cork sheets engraved
with micro-channel network filled with STF.

The rheological properties of silica made STFs depend up-
on various factors such as their shape [1], size [28], polydis-
persity of dispersed particles [29], polymeric matrix, and the
method of STF preparation. Besides these parameters of the
system itself, particle surface modification and the constitu-
tion of different additive would also affect the rheological
properties of STFs.

Various attempts were carried out to control the shear thick-
ening behavior of STFs by the addition of different additives,
or by surface modification of nanoparticles [16, 30–35].
However, all the methods suffered from one or more limita-
tions, such as low rise in viscosity or multiple step protocols
for the modification of nanoparticles. Recently, the effect of
spherical porous silica nanoparticles on ST effect was studied
and found that the porous nature of the particle increases the
ST behavior at fairly low concentration (42.5 wt%) [36].

Cellulose beads are spherical porous particles with diame-
ters usually in the range of micron to millimeter. Spherical
porous cellulose beads are a new class of cellulose materials
that are characterized by high crystallinity and are used as
reinforcing filler in polymers [37]. Cellulose beads offer high
porosity, high mechanical strength, and unique functional
properties due to sufficiently large numbers of reactive hy-
droxyl groups, and that makes it a great choice for the bio-
chemists and biotechnologists. Due to the said properties, cel-
lulose beads and their derivatives find its application in en-
zyme immobilization, chromatographic techniques, carriers
for drug delivery, heavy metal ion removal, adsorbants, and
biocatalysis etc. [38–43]. Therefore, the porous nature of cel-
lulose beads along with the abundance of functional hydroxyl
groupsmakes it outstandingly suitable for playing the role of a
highly effective additive to control the shear thickening be-
havior of silica-based STF. Higher ratio of surface hydroxyl
groups in cellulose beads is expected to improve the shear-
thickening behavior by improving the interaction between
nanoparticles and polymeric matrix. However, till date as per

our best knowledge, no work has been reported in literature
for the improvement of shear-thickening behavior by addition
of cellulose beads as an additive.

In this study, we have varied the concentration of cellulose
beads and studied the effect of spherical porous cellulose
beads as an additive on the rheological behavior of
monodispersed silica-based STF.

Materials and methods

Materials

Silica nanoparticles of primary particle size (600 nm sup-
plied byOmLaboratory, India) and polyethylene glycolwith
molar mass of 200 g/mol (Merck, India) were used for the
synthesis of shear-thickening fluids. Porous cellulose parti-
cles (supplied by Om Laboratory, India) were used as addi-
tive to tune the thickening behavior of STF. The average
particle size of silica nanoparticles was measured through
DLS using Brookhaven instrument (Fig. 1a), and also
through SEM using Evo/MA 15 Zeiss instrument (Fig. 1b).
The average particle size of silica nanoparticles was found to
be594nmfromDLSand602nmfromSEM.Theparticle size
and nature of cellulose particles were measured by SEM
analysis using Evo/MA 15 Zeiss instrument as shown in
Fig. 8a. The average particle size of cellulose beads was
89 μm.

Method of preparation of STF dispersion

In the present study, STF with 62% weight percentage
was prepared by sonochemical method using ethanol as
a solvent. The nanoparticles were dispersed in excess of
ethanol using Cole Palmer Ultrasonicator Disperser at a
frequency of 24 kHz at a frequency of 75 W/cm2 for
10 min. After complete wetting of silica particles, poly-
ethylene glycol (PEG-200) (liquid, 120 or 114 g) was
added to the mixture and again sonicated for another five
spells of 10 min. The temperature of reaction mixture was
kept below 40 °C. The ethanol was evaporated at 90 °C,
and reaction mixture was kept at vacuum for 6 h to re-
move any traces of solvent and air bubbles. The silica
nanoparticles and cellulose were added in equal propor-
tion as additives to the synthesized STF (62 wt%) to
achieve different mass loading percentage of silica and
cellulose STFs, respectively. The sonication procedure
was thoroughly applied to all the mixtures for uniform
dispersion of added silica or cellulose in the STF. The
synthesized STFs with different weight percentage of sil-
ica and cellulose are presented in Table 1.
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Rheological characterization

Both steady and oscillatory shear tests (i.e., amplitude sweep
test and frequency sweep test) for all the prepared STFs
(Table 1) were carried out by Physica MCR 52, Anton Paar,
Germany. The cone-plate geometry with a cone angle of 1°
and 40 mm plate diameter at a gap of 0.08 mm was selected
for the test. Steady shear measurements were conducted to
observe the change in viscosity and stress values of STF with
increasing shear rate. While in the oscillatory tests, both the
strain sweep at constant frequency and the frequency sweep at
constant strain were carried out to understand the viscoelastic
response of the shear-thickening fluids. In order to remove the
effects of previous shear history, all samples were pre-sheared
at a shear rate of 1 s−1 for 120 s and then relaxed for 180 s
before the test. All the silica/cellulose/PEG STF measure-
ments were carried out at 25 °C.

Rheological microscopy test was conducted on Physica
MCR-702 Twin Drive rheometer from Anton-Paar,
Germany. In rheo-microscopy test, a microscope is connected
to the rheometer which recorded the real-time in situ structural
change under deformation. A 45-mm diameter transparent
glass plate was used for the study. Microscopy test was carried
out under oscillatory shear mode.

Results and discussion

The simplest way to alter shear-thickening (ST) behavior is
simply tuning the concentration or mass fraction of silica
nanoparticles in polymeric matrix (PEG). STFs with different
silica mass fractions were achieved by addition of extra silica
nanoparticles in synthesized STF-62 wt% (Table 1).

Steady-shear rheological analysis

Figure 2 shows the variations of added silica nanoparticles and
cellulose beads in comparison of the steady shear response of
the synthesized STFs to their corresponding ST behavior. It
was observed from Fig. 2a that with increasing mass fraction
of silica nanoparticles, a sudden rise in the maximum viscosity
(ɳm) of the STF was observed. The ɳm value increased from
60 to 224 Pa.s as the mass loading of silica was increased to

63.98 wt%. No further addition of silica nanoparticles above
5.2 wt% (STF-62% + S-5.2%) was possible because the satu-
ration limit was reached. Therefore, 224 Pa.s is the maximum
value of viscosity that can be achieved by conventional meth-
od of tuning silica content in STF. The rise in viscosity can be
attributed to increase in inter-particle forces with the increase
in concentration of silica nanoparticles as additive.

In order to study the effect of cellulose beads on shear-
thickening behavior of STF, cellulose beads were added in
equivalent mass fraction, similar to the tuning of STF with
the silica nanoparticles in STF-62% (Table 1).

The steady-shear rheology of the cellulose-based STFs was
carried out, and results were compared with only-silica-based
systems. It was observed as shown in Fig. 2b that the viscosity
increases continuously with the increase in concentration of
cellulose beads, as was previously observed with the addition
of silica nanoparticles in the base STF (62%).

However, the rise in viscosity was 3.7 times higher and
reached to a ɳm value of 848 Pa.s (STF-62%+ C 5.2%) as
compared to only-silica-based system (STF-62% + S 5.2%)
which is shown in Table 2. The rheological parameters of
steady shear analysis are presented in Table 2.

Fig. 1 a DLS graph and b SEM micrograph of silica nanoparticles used in the synthesis of STF (Avg. particle size 594 nm and PDI = 0.1)

Table 1 Mass percentage specification of cellulose-added STF-62%

STF STF
62%
(g)

Added silica
(S)/cellulose
beads (C)
(g)

Added silica (S)/
cellulose beads
(C) loading in
STF (%)

Total
mass
loadinga

(%)

STF-62% 10 0 0 62

STF-62%+A-2% 9.80 0.20 2.0 62.80

STF-62%+A-3% 9.70 0.30 3.0 63.10

STF-62%+A-4% 9.60 0.40 4.0 63.50

STF-62%+A-5% 9.50 0.50 5.0 63.90

STF-62% +
A-5.1%

9.49 0.51 5.1 63.94

STF-62% +
A-5.2%

9.48 0.52 5.2 63.98

A additive, C cellulose as additive, S silica as additives
a Total silica loading (silica as additive), silica + cellulose loading (cellu-
lose as additive)
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Previous studies revealed that the suspensions at higher
particle concentrations influence the flow behavior of
their neighboring particles due to enhanced inter-particle
interactions [44]. As a result, the viscosity becomes shear
sensitive, and a sharp rise in the viscosity profile usually
occurs [1, 45–48]. It has been found that the viscosity
profile increases as the concentration of additives in-
creases [35, 49–51]. We have found a similar trend in
the viscosity profile as the concentration of silica and
cellulose particles increases in the base STF. It is clearly
evident from Fig. 3a that cellulose particles used as addi-
tive have shown a significant increase in the viscosity
profile compared to that of silica-based STFs.

InFig. 3b, effect of additive concentrationoncritical shear
rate is shown. It is widely reported that with the increase in
silica loading in the suspension, the critical shear rate de-
creases and leads to an increase in the viscosity of the system
[52–54]. Gürgen et al. [55] have shown the effect of ceramic
particles, as an additive, on ST effect of STF. In their study,
the particles of SiC, Al2O3, and B4C at 5 wt% loading have

not shown any significant ST effect as compared to silica-
based STF. Furthermore, increasing the concentration of ce-
ramic additives leads to an increase in critical shear rate and
simultaneously showing shear thinning. Usually, at higher
loading of particles, the flow of polymeric liquid (PEG-
200) gets restricted due to increase in effective particle load-
ing, which is usually a condition of hydrocluster formation.
In our study, it was found that the cellulose particles have
shown a weaker inter-particle repulsion at higher concentra-
tion (STF 62–5.1% and STF 62–5.2%) due to their higher
surface hydroxyl density and can easily be overcome by hy-
drodynamic lubrication forces at a lower shear rate.With the
help of simulation, Brady and Bossis [6] proved that the or-
dering of particles is not possible in a systemwithweak inter-
particle repulsion. Therefore, in both silica- and cellulose-
based STFs, critical shear rate was found to be reduced as
the additive loading increased. However, at 5% loading of
silica additive, the STFs reached the maximum critical load-
ing, which makes its critical shear rate to reach an equilibri-
um plateau and remain constant. On the other hand, the

Fig. 2 Steady-state viscosity as a function of shear rate for STF at different particle loadings of (a) silica (where ‘S’ was designated in nomenclature for
silica additive) and (b) cellulose beads (where ‘C’ was designated in nomenclature for cellulose additive) in PEG-200

Table 2 Comparison of rheological parameters between cellulose and silica nanoparticles

Rheological parameters STF 62%+A-
0%

STF 62% +A-
2%

STF 62% +A-
3%

STF 62% +A-
4%

STF 62% +A-
5%

STF62% +A-
5.1%

STF62%+A-
5.2%

Critical viscosity (S) 10.9 2.99 2.87 2.72 4.22 2.93 2.68

Critical viscosity (C) – 1.6 9.6 11.5 115 89.7 182

Maximum viscosity (S) 59.4 105 114 133 157 159 224

Maximum viscosity (C) – 75.9 115 203 385 509 848

Critical shear rate (S) 7.32 1.98 1.63 1.51 1.37 1.4 1.37

Critical shear rate (C) – 1.98 1.7 1.37 0.956 0.434 0.227

Shear rate atMax. viscosity
(S)

52 18.9 15.2 13.1 9.29 7.32 6.74

Shear rate atMax. viscosity
(C)

– 27.8 4.3 3.58 2.18 1.74 0.956

A additive, C cellulose as additive, S silica as additives

Viscosity in Pa.s, shear rate in s−1
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cellulose-based STFs have shown a constant decrease in the
critical shear rate with increasing loading. At a very low con-
centration (5wt%) of cellulose,weak inter-particle repulsion
at lower critical shear rate does not support the possibility of
any ordering of particles; thus, cluster growth could be the
only reason for the rise in viscosity. As a consequence, vis-
cosity profile increases significantly which can be seen by
the steep increase in maximum viscosity in Fig. 3a.
Therefore, from steady shear tests, it can be concluded that
cellulose-based STFs have a better ST property as compared
to the silica-based systems.

Dynamic rheological analysis

The oscillatory tests are the essential tools for understand-
ing the viscoelastic response of the shear-thickening
fluids. The changes in the dynamic modulus parameters,
such as elastic modulus (G′), loss modulus (G″), complex
modulus (G*), and complex viscosity (η*), provide the
microstructure details existing in the system [56].
Oscillatory tests therefore give a more direct correlation
with microstructure than steady-shear rheology [57]. In
the present work, oscillatory tests (i.e., amplitude sweep

Fig. 3 (a) Viscosity profile and (b) critical shear rate of the STFs with different concentration of silica and cellulose additives

Fig. 4 Change in the (a) storage modulus and (b) viscous modulus as a
function of strain amplitude at different frequencies viz., 10, 50, and
100 rad s−1 in STF 62% + S-5.2% and STF 62% + C-5.2%. (c)

Complex viscosity response of STF 62%+ S-5.2% and STF 62% +C-
5.2% as a function of %strain at 10, 50, and 100 rad/s frequencies,
respectively
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test and frequency sweep test) were performed on STF-
62%, STF-62% + S-5.2%, and STF-62% + C-5.2%.

Amplitude sweep tests

In amplitude sweep test, the strain sweeps obtained at different
frequencies were expressed as a function of the complex shear
modulus|G∗|. It is a measure of the material’s overall resis-
tance to deformation.

Complex modulus is a function of both storage and loss
modulus and is expressed as follows:

G* ¼ G
0 þ iG

0 0

The complex viscosity is the ratio of the dynamic modulus
to the frequency of deformation, represented as follows:

η* ¼ G*

ω

Amplitude sweep tests were performed at constant frequen-
cies of 10, 50, and 100 rad/s between the strain limit from 1 to
3000% and their viscoelastic responses, such as storage mod-
ulus, loss modulus, complex modulus, and torque, and they
are shown in Figs. 4 and 5. In Fig. 4a, and b, initially at lower
strain, G′ and G″ are declining with increasing strain ampli-
tude. In all the three compositions, after a critical strain limit,
both modulus moieties show an abrupt increase in their
values, and this shows their strain-thickening behavior [53].
In the case of cellulose-based STF (62%+C-5.2%), with in-
creasing frequency, the jump in the modulus is significantly

higher (more than 10 times) than silica-based STF (62%+ C-
5.2%). Moreover, loss modulus (G″) is invariably higher than
the storage modulus (G′) values which is the characteristic of a
non-flocculated dispersion system. Similar study was reported
by Laun et al. [11], where with increasing strain, the concen-
trated dispersion has shown a sudden jump in viscosity by a
factor of hundred and makes the dispersion highly viscous. In
this study, in all compositions, the critical strain required for
the onset of strain-thickening was found to be decreasing with
increasing frequency.

Thus, at very high frequency (100 rad/s), the rise in com-
plex viscosity was more rapid as compared to the lower fre-
quencies. This sudden jump in η* may be attributed to (i) the
formation of hydrogen bonds reduces the interparticle dis-
tance between the PEG-coated silica particles and (ii) the rapid
increase of hydrodynamic forces increases the probability of
hydrocluster formation with increasing frequency. Moreover,
from complex viscosity results (Fig. 4c), it was observed that
the critical strain for strain-thickening in cellulose-based STF
(STF 62% +C-5.2%) was found to be independent of frequen-
cy at higher frequency of 50 and 100 rad/s (shown in Table 3),
verifying the condition for strain thickening [58].

Complex shear modulus and torque response of the STF
are being represented in Fig. 5. The complex shear modulus
increases with the increase in deformation frequency, showing
the resistance of STFs to deformation. Raghvan et al. [58]
termed this phenomena as strain-thickening behavior, which
was corroborated with the rise in complex modulus values,
appeared at lower strain amplitude as the frequency of defor-
mation increases. The complex shear modulus response was

Fig. 5 Strain amplitude sweep data of silica-based and cellulose-based STFs (STF 62% + S-5.2% and STF 62%+C-5.2%) at different frequencies, (a)
complex shear modulus vs %strain and (b) Torque vs %strain

Table 3 Critical strain and critical frequencies for strain thickening

STF nomenclature Silica loading
in STF (%)

Cellulose bbead
loading in STF (%)

Critical strain (γc, %) for strain thickening Critical frequency for strain thickening
(ωc, rad/s)

10 (rad/s) 50 (rad/s) 100 (rad/s) 250% (Strain) 500% (Strain)

STF 62% 62 – 44.8 38.3 35.4 28.5 13.2

STF 62% + S-5.2% 62% + 5.2% – 48.6 41.5 38.4 21.5 12.3

STF 62% +C-5.2% – 62%+ 5.2% 17 14.6 14.3 3.76 3.5
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adequately complemented by the rise of torque in STF 62% +
S-5.2% and STF 62% + C-5.2% in Fig. 5b. Lee et al. [19]
demonstrated that the force required in yarn pullout test of
Kevlar fabric impregnated with STF was increased. This in-
crease in yarn pullout force was correlated with the higher
energy dissipation in pulling out a single yarn from the STF-
coated fabric as compared to the uncoated fabric. In this study,
it was found that the STF with highest concentration of cellu-
lose loading have shown a 10 times higher torque with in-
creasing frequency as compared to the silica-based STF.
Therefore, STF (STF 62% + C-5.2%) with cellulose beads
was by far most resistant to the increasing deformation fre-
quencies and therefore showing significantly higher strain-
thickening effect. We can therefore assume that the
cellulose-based STF has the potential to be used in textile
coating for high impact energy absorption.

Frequency sweep tests

The frequency sweep tests were conducted at constant strain
amplitudes of 250 and 500% (Figs. 6 and 7) with variable
frequencies. Figure 6a, b shows the storage modulus and loss
modulus response with frequency on STFs at 250 and 500%

strain, respectively. From Fig. 6a, and b, it is evident that, in
case of STF with cellulose beads (STF 62% +C-5.2%), the
moduli at a critical frequency increase abruptly with the in-
crease in strain amplitude from 250 to 500%.

This increase in the resistance to deformation with higher
strain amplitude may be attributed to the increased hydro-
gen bonding between the cellulose beads and silica-PEG
surfaces, which consequently contributing to the increase
in moduli. Similarly, in Fig. 7 (plot of complex viscosity
vs. angular frequency), a rise in complex viscosity with
increasing strain amplitude was observed. The STF with
cellulose beads has shown a steep rise in complex viscosity
at a higher strain of 500%. In comparison with complex
viscosity at 500% strain, the viscosity at 250% strain did
not show a steep rise rather it was a gradual rise. It is also
evident from Fig. 7 that as the strain increases, the cellulose-
based STF shows a lower critical frequency for the rise in
complex viscosity, as compared to the silica-based STF
(Table 3). This sets a typical example of strain-thickening
phenomenon [58].

It is evident from both the frequency sweep and the strain
sweep experiments that cellulose-based STF is highly resistant
to deformation as their critical strains or critical frequencies at

Fig. 6 Frequency sweep for base STF and STFs with highest achieved loading (STF 62%+ 5.2%) of silica and cellulose at (a) 250% and (b) 500% strain
amplitudes

Fig. 7 Change in the complex
viscosity as a function of angular
frequency at 250 and 500% strain
amplitude

Colloid Polym Sci (2018) 296:883–893 889



higher frequencies (50 and 100 rad/s) or at higher strains (250
and 500%) remain constant (Table 3). Based on the rheolog-
ical results, it can be assumed that the improved strain-
thickening behavior with cellulose beads most probably due
to the higher hydroxyl group density and also due to their
porous nature (Fig. 8a).

Justification for hydrocluster formation

The consensus on ST effect in concentrated dispersions has
been attributed to the fact that, at higher shear rate, the inter-
particle distance reduces due to increase in the hydrodynamic
lubrication force, and this diminished distance leads to dis-
placement of the dispersing liquid between the silica particles
[59]. The addition of micron size porous cellulose beads in the
base STF (62 wt%) due to their polar nature should positively
bring about a closer interaction with the PEGmolecules. It has
been widely reported that hydroxyl group on cellulose favors
strong inter-molecular hydrogen bonding with etheric oxygen
present on the PEG backbone [60–63]. Kondo et al. have
studied the hydrogen bonding in regioselectively methyl
substituted cellulose and PEO/PVA blend system. They re-
vealed that the primary hydroxyl group at C-6 of cellulose
has shown strong inter-molecular hydrogen bonding with
ether oxygen in the PEO [62]. Moreover, the hydrophilic

cellulose beads with the abundance of surface hydroxyl
groups bind the remaining PEG molecules on to their active
sites through hydrogen bonding and thereby improving the
interaction between the PEG molecules and the PEG-coated
silica particles (Fig. 8). Raghvan et al. (2000) proposed that
hydrogen bonding between silanol group on silica surface
with oligomeric liquids forms a denser solvation layer, which
leads to an increase in short range repulsive forces and thus
stabilizes the sol [30]. Chu et al. concluded that thicker solva-
tion layer exhibits stronger repulsive force, which results in a
pronounced ST effect [16]. We can therefore assume that in
our study, the porous cellulose with more hydroxyl groups can
increase the thickness of the solvation layer through more
numbers of hydrogen bonds with PEG and PEG-coated silica
surfaces. However, the PEG is a low molecular weight poly-
mer and is supposed to exhibit a weak steric effect with the
cellulose beads. Therefore, with an increase in shear or strain,
formation of hydroclusters takes place at lower shear or strain
value (Fig. 8b).

Hydrocluster formation was further observed in rheological
microscopy study (given in Fig. 9). The optical system was
mounted on the optical frame and positioned in sideway to
focus the sample gap between the two plates. The combination
of counter rotating plates with adjustable optical system cre-
ates a stagnant frame to capture the real-time image of sample
under deformation. In rheo-microscopy study, strain sweep
experiment was conducted at 10 rad/s to confirm the cluster
formation. Figure 9 displays the microscopy result of STF
containing porous cellulose beads. During the experiment,
initially the cellulose beads were observed scattered.
However, as the strain increased, these beads came closer to
each other at a lower strain, showing the cluster formation. It
may therefore be concluded that the strain-thickening phe-
nomenon observed in the cellulose-based STF systems can
be attributed to the (i) dense surface hydroxyl groups and (ii)
porous surface architecture of cellulose beads and thus both
the factors have contributed to improving the interaction with
the PEG-coated silica nanoparticles.

The rise in viscosity in silicone oil-based STF with higher
hydroxyl group was also observed by Zhang et al. 2014 [64].
Surface coating of particles with hydroxyl terminatedFig. 9 Rheological microscopy of STF (62% +C-5.2%)

Fig. 8 a Porous cellulose beads
(Avg. particle size 89 μm) and b
cellulose beads in STF
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surfactants has also shown higher increase in particle agglom-
eration through hydrogen bonding, resulting in the improve-
ment of ST [65].

Proposed mechanism for shear thickening

A possible mechanism for ST behavior in cellulose- and
silica-based STF is explained in Fig. 10. An ideal situation is
supposed to prevail where the remaining PEG molecules in
the prepared STF will preferentially interact with the added
porous cellulose beads through hydrogen bonding. The cellu-
lose additive might act as a bridge between the silica-coated
PEG and the remaining PEG molecules to strengthen further
the interaction between the silica nanoparticles and the re-
maining PEG molecules. Moreover, Raghavan et al. [58]
and Bossis et al. [6] suggested that elongated clusters contrib-
ute much more to the thickening behavior than the spherical
ones. Gürgen et al. [55] argued that higher concentration of
additive particles can be considered as barriers for elongated
hydrocluster formation. However, in this study, a very low
concentration of cellulose was used as an additive which does
not significantly reduce the silica concentration in the final
STF, and therefore, silica is still the main constituent of the
STF. Further, the formation of hydroclusters, having no resis-
tance from cellulose particles, goes unhindered because at
such a low concentration, these cellulose beads would rather
allow the formation of contact network between silica nano-
particles along with a strongly hydrogen-bonded cellulose-
PEG assembly.

Conclusion

In this study, it was demonstrated that the application of cel-
lulose beads as a novel additive for enhancing the shear-
thickening behavior of conventional silica-based STF.

Porous cellulose-based STF showed a 3.7 times rise in
the shear viscosity as compared to only-silica-based STF
at the same mass loading. As compared to non-porous sil-
ica nanoparticles, porous cellulose beads with higher hy-
droxyl group density showed significantly better interac-
tion with the PEG and PEG-coated silica in the STF. This is
further confirmed by SEM and rheo-microscopic analyses.
The dynamic rheology of cellulose-based STF further con-
firms the higher strain-thickening behavior and higher en-
ergy absorption and this was reflected by their sudden rise
in complex viscosity, storage modulus, loss modulus, and
torque values as compared to the rheological properties of
conventional silica-based STFs. At higher frequencies, the
onset of strain thickening at critical strain amplitude was
found to be independent of frequency. Findings of this
study strongly suggest that the cellulose beads can be ad-
vantageous for its application as an additive to control the
onset of ST. Porous cellulose can find its application in the
area where higher viscosity rise happens to be critical such
as high energy absorbing ballistic suits, helmets, space
suits, and shock absorbers etc. However, further studies
are required to generate more conclusive results to sharpen
our understanding about the working mechanism of cellu-
lose as an additive on the ST behavior in different particle-
based STF systems other than the silica-based systems.
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