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THE INFLUENCE OF NANO-SIiO2 PARTICLE SIZE ON DILATANT EFFECT
OF SHEAR THICKENING FLUIDS

Recently, the shear thickening phenomenon has drawn the attention of many researchers. The ability of shear thickening
fluid to resist operative force creates a possibility of applying this kind of material wherever there is a necessity to dampen
and disperse energy. Therefore, dilatant slurries have found their application in dampers, devices that protect buildings
against seismic shocks or military applications in so called “liquid armor”. A great deal of research has focused on investiga-
tion of the mechanism and influence of parameters such as volume fraction, polydispersity and medium viscosity of the dila-
tant effect, however, some fields are still unexplored. In this work, the influence of nanosilica particle size on the dilatant effect
of shear thickening fluids was investigated. For the tests, nanosilica with diameters of 7 and 200 nm was chosen. The suspen-
sion was prepared by dispersing the nanosilica into poly (propylene glycol) of a molecular weight of 400 g/mol. The concentra-
tion of the ceramic powder varied from 12 to 30 vol.%. The influence of the particle size on the dilatant effect was observed by
a rotational rheometer Kinexus Pro with a plate-plate system. In this case, viscosity as a function of shear rate was measured.
The shear rate increased from 1 to 1000 s'. The measurement showed that the diameter of silica particles has a significant in-
fluence on the rheological properties of the investigated suspensions. With an increase in particle size the dilatant effect
increases. However, its position is shifted to a lower shear rate. The maximum volume fraction and relative viscosity of the
suspension also was examined. The measurements showed that with increasing particle size, the relative viscosity of the sus-
pension decreases, which result in an increase in the maximum volume fraction of nano-SiO,.
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WPLYW WIELKOSCI CZASTEK NANO-SiO2 NA WLASCIWOSCI REOLOGICZNE
CIECZY ZAGESZCZANYCH SCINANIEM

Ciecze zageszczane Scinaniem (dylatancyjne) naleza do grupy plynéw nienewtonowskich, charakteryzujacych sie
wzrostem lepkos$ci wraz ze wzrostem szybkoSci $cinania lub przylozonego naprezenia $cinajacego. Wlasciwos$¢ tych cieczy
stanowi problem w wielu procesach technologicznych. Efekt zageszczania $cinaniem utrudnia bowiem procesy mieszania
i przeplywu, powodujac przecigzenia aparatury. W ostatnich latach wiele badan poswiecono wyjasnieniu zaréwno
mechanizmu, jak i wplywu réznych parametréw na zjawisko dylatancji. Mozliwos¢ lepszego zrozumienia efektu zageszczania
Scinaniem dala nowe spojrzenie na mozliwosci aplikacyjne danych zawiesin. Obecnie ciecze dylatancyjne znajduja
zastosowanie wszedzie tam, gdzie potrzebne jest stawianie oporu dzialajacej sile. Przykladem moze by¢ tu odziez ochronna
skladajaca sie¢ z tkanin balistycznych nasaczonych plynem zageszczanym $cinaniem, tlumiki czy tez urzadzenia chronigce
budynki przed wstrzasami sejsmicznymi. Duze zainteresowanie skupia si¢ takze wokél tzw. cieklych pancerzy. Pomimo wielu
badan koncentrujacych si¢ wokol poznania czy tez lepszego zrozumienia efektu dylatancji dalsza eksploracja tego zjawiska
jest potrzebna. Wiele parametréw, takich jak wplyw stezenia fazy stalej, Srodka dyspergujacego czy oddzialywan
miedzyczasteczkowych zostalo zbadanych, jednakze wciaz istnieje znaczna ilo§¢ obszaréw wymagajaca dalszych testow.
W niniejszej pracy przedstawiono wyniki badan dotyczace wplywu wielkosci ziarna na zjawisko dylatancji zawiesin
ceramicznych opartych na nanokrzemionce. Srednia wielko$é ziarna wynosila odpowiednio 7 i 200 nm. Jako $rodek
dyspergujacy we wszystkich badan zastosowano glikol (polipropylenowy) o masie czasteczkowej 400 g/mol. W celu zbadania
wplywu wielko$ci ziarna na efekt dylatancji przygotowano zawiesiny o ré6znym stezeniu fazy stalej (12, 15, 20, 25 i 30% obj.).
Wszystkie ciecze byly poddawane badaniom wlasciwos$ci reologicznych (lepkosci w funkeji $cinania). W tym celu
wykorzystano reometr rotacyjny Kinexus Pro z ukladem plytka-plytka. Wyniki przeprowadzonych badan pokazaly, ze
wielko$¢ ziarna ma znaczacy wplyw na poczatek i warto$¢ skoku dylatancji. Ze wzrostem wielkoS$ci ziarna zaobserwowano
znaczny wzrost skoku dylatancji badanej zawiesiny. Warto jednak zauwazy¢, ze warto$¢ szybkoSci $cinania, przy ktérej skok
ten wystepuje proporcjonalnie, maleje. W ramach pracy zbadano réwniez wplyw wielkoS$ci ziarna na ilo$¢ proszku, jaka
mozna zaladowaé jednorazowo, zachowujac przy tym odpowiednie wlasciwosci badanych zawiesin. W tym przypadku
najlepsze wyniki otrzymano, stosujac nanokrzemionke o Sredniej wielkoS$ci ziarna 200 nm.

Stowa kluczowe: ciecze zageszczane $cinaniem, nanokrzemionka, wielko$¢ ziarna, efekt dylatancji, glikol polipropylenowy

INTRODUCTION

Shear thickening is a non-Newtonian flow behavior or applied stress. This effect is undesirable in technol-
whose viscosity increases with an increase in shear rate  ogy as it hinders the processes of mixing and flow,
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causing equipment overload. However, the dilatant
effect is potentially interesting in certain industries.
Shear thickening fluids due to their unique behavior to
dampen energy, nowadays, find an application in
dampers, liquid couplings, ski boot cushioning, rotary
speed limiters, shock absorber fillings and body
armours [1, 2].

Much of the attention has been focused on the
mechanism of shear thickening, including neutron scat-
tering [3-6], rheo-optical experiments [7, 8] and others.
One of the earliest experiments performed by Hoffman
in 1972 suggested that shear thickening is a conse-
quence of the transition of a powder particle from an
ordered state to a disordered state (order-disorder transi-
tion) [9, 10]. However, further investigation showed
that the order-disorder transition is not the sole mecha-
nism which can explain the dilatancy effect. Simulation
predictions by Brady et al. using the method of Stoke-
sian dynamics (1989) provide computational evidence
that the dilatant effect occurs due to the formation of
jamming clusters resulting from hydrodynamic lubrica-
tion forces between the particles, often denoted by the
term “hydroclusters” [11-14]. This method was next
used by Boersma et al. and Melrose et al. who confirm
the correctness of the Brady theory [15-17].

As well as the mechanism, the influence of some pa-
rameters has also been studied exhaustively. In litera-
ture, many papers presenting the result of the influence
of particle shape, particle volume fraction, particle-
particle interaction, continuous phase viscosity, as well
as the type, rate, and time of deformation can be found
[1]. It was shown that all of these parameters have
a significant influence on the dilatant effect of shear
thickening fluid by shifting the position or changing the
size of the jump. Another important factor which de-
termines the dilatancy effect is particle size [1].
Changes in the particle size, shape, surface chemistry,
and ionic strength and in the properties of suspending
medium, affect the interparticle forces which dominate
the viscosity at low shear stress [18]. In literature, many
papers presenting the preparation and investigation of
shear thickening fluid can be found, however, there are
only limited measurements of the influence of particle
size on shear thickening behaviour. Study of the dif-
ference is critical to formulating a suspension that be-
haves as needed for specific processes or applications.

In this work, the influence of nanosilica particle size
on the dilatant effect of shear thickening fluids was
investigated. The nanosilica particle size varied from 7
to 200 nm. The performed rheological measurements
allowed further understanding of the influence of the
particle size on the dilatant effect and maximum the
volume fraction of shear thickening fluids.

EXPERIMENTAL PROCEDURES

To investigate the influence of powder particle size
on the rheological properties of shear thickening fluids,
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silica fumed with an average particle size of 7 and
200 nm was used. Both ceramic powders were pur-
chased from Sigma-Aldrich (USA). The specific
surface area of each powder measured by a Brunauer-
-Emmett-Teller adsorption isotherm ASAP 2020
(Micromeritics, USA) was determined to be 333.6 and
196.4 m*/g, respectively for the 7 and 200 nm. The
density of the powder was evaluated by an AccuPyc 11
1340 Pycnometer (Micromeritics, USA) and equals
1.53 g/em’. As a dispersing agent, a poly(propylene
glycol) of a molecular weight of 400 g/mol was
used. The poly(propylene glycol) also was provided by
Sigma-Aldrich (USA). The density of the dispersing
agent was 1.13 g/cm’.

In order to prepare the ceramic slurry for further in-
vestigation, in the first step, the powder and dispersing
agent were put in an appropriate ratio into a plastic
beaker and mixed with a mechanical stirrer at 100 rota-
tions per minute for 3 h at 55°C. The higher tempera-
ture of mixing allowed the authors to decrease the dila-
tant effect enough and stir the slurry easily. The
concentration of the ceramic powder varied from 12 to
30 vol.%. After homogenization, the suspension was
left for one day to lower the mixing temperature to
room temperature and then the rheological properties
were evaluated. In this case, the viscosity as a function
of shear rate was investigated. The rheological meas-
urements were carried out on a rotational rheometer
Kinexus Pro (Malvern, England) with a plate-plate
system at room temperature. The gap between the two
plates was 0.7 mm. The shear rate was measured from
1t0 10005 .

RESULTS AND DISCUSSION

Figure 1 presents the effect of the particle diameter
on the shear thickening properties of nano-SiO, suspen-
sions with different volume fractions - 12, 15 and
20 vol.%. The measurement showed that all the slurries
exhibit shear thickening behavior. It was noticed that
the onset of shear thickening and critical shear rate
strongly depend on the diameter of the silica particles.
It can indicate that the particle-particle interactions and
cluster formation are strongly influenced by the particle
diameter in the nanometer range. With an increase in
particle size, shifting of the onset of shear thickening
and critical shear rate to lower values of shear rate was
observed. This is in agreement with the assumption that
the radius of the particles can be seen to have an inverse
quadratic dependence on the shear rate (considering the
particles are spherical in nature) [1]

.1
4 “?
The particle size also affects the critical viscosity of

the suspension. With an increasing particle diameter, an
increase in the critical viscosity was observed.
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Fig. 1. Effect of particle diameter on shear thickening behavior of
a) 12 vol.%, b) 15 vol.%, ¢) 20 vol.% nano-SiO, suspensions

Rys. 1. Wplyw wielkosci czastek na wlasciwos$ci zaggszezania $cinaniem
zawiesin nanokrzemionkowych zawierajacych: a) 12% obj.,
b) 15% obj., ¢) 20% ob;j. fazy stalej

As can be seen in Figure 1a, the dilatant effect of the
suspension containing 12 vol.% silica with an average
particle size of 7 nm is insignificant. The onset of shear
thickening and critical shear rate of this suspension
occurred at shear rates of 6 and 50 s, respectively. The
critical viscosity was 5 Pa's. On the other hand, the
onset of shear thickening of the suspension containing
12 vol.% of 200 nm silica occurred at lower shear rates,
5 s™'. However, in this suspension two jumps were de-

tected. The first was at shear rate 25 s~ where the criti-
cal viscosity was 177 Pa-s and the second at shear rate
251 s™' where the critical viscosity was much lower,
9 Pa's. The tendency of the viscosity curves presented
in Figures 1b and 1c are similar to the curves from
Fig.1a, however, the onset of non-Newtonian behaviour
occurred at a lower shear rate. Moreover, the critical
viscosity both for suspensions containing 15 and
20 vol.% nanosilica was higher. It indicates that the
dilatant effect also depends on the volume fraction of
the particle. This phenomenon would possible to be
explained by the assumption that an increase in weight
fraction shortens the distance between the silica
nanoparticles, therefore it is easier to form clusters and
exhibit shear-thickening behavior [19]. In this case, the
critical viscosities of the suspension containing
15 vol.% 7 nm silica and the suspension containing
15 vol.% 200 nm silica occurred at shear rates 20 and
255!, and equal 129 and 353 Pa-s. The onsets of shear
thickening were established at 3 and 5 s, respectively.
The critical viscosity of the suspension containing
20 vol.% 7 nm silica and the suspension containing
20 vol.% 200 nm silica occurred at shear rates 50 and
135", and equal 210 and 1200 Pa-s. The onsets of shear
thickening occurred at 25 and 3 5.

Figure 2 presents the effect of particle concentration
on the relative viscosity of the nano-SiO, suspensions
depending on the nanosilica particle size. It can be seen
that the relative viscosity of each suspension strongly
depends on the concentration of the ceramic powder.
The addition of particles to a liquid (poly (propylene
glycol)) results in an increase in the liquid viscosity
which is in agreement with previous works [20]. How-
ever, the relationship between the relative viscosity and
particle size cannot be easily determined.
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Fig. 2. Effect of particle concentration on relative viscosity of nano-
Si0, suspensions depending on nanosilica particle size

Rys. 2. Wplyw stgzenia fazy stalej na lepko$¢ dynamiczng zawiesin
opartych na nano-SiO; o $redniej wielkosci ziarna 7 i 200 nm

The relative viscosity of the suspensions containing
12 and 15 vol.% powder with the average particle size
of 7 and 200 nm was 2 + 1 Pa-s. Significant changes in
the relative viscosity of the fluid based on SiO, of 7 and
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200 nm were observed for a suspension containing
20 vol.%. The difference in the viscosity of these sus-
pensions was around 6 Pa-s. The relative viscosities
were determined to be 6 and 12 Pa's for the SiO, of 7
and 200 nm, respectively. Increasing the solid loading
to 25 vol.% results in changing the relationship between
the viscosity values. A higher relative viscosity occur-
red for the fluid containing silica with the average parti-
cle size of 7 nm. The relative viscosity of the second
suspension based on silica with the average particle size
of 200 nm was around 16 Pa-s. The received data can
not significantly indicate the influence of particle size
on the relative viscosity of the investigated fluid. In this
case, further investigations are needed.

TABLE 1. Effect of particle diameter on maximum volume

fraction of nano-SiO, suspensions
TABELA 1. Wplyw wielko$ci ziarna na maksymalne stg¢zenie
fazy stalej zawiesin nanokrzemionkowych

Powder SF7 SF200
Maximum volume fraction
[vol.%] 25 30
Relative viscosity 16 100
[Pa-s]
Onset of shear thickening 12 5
[1/s]
Critical shear rate
[1/5] 25 6
Critical viscosity 638 2865
[Pa-s]

The data presented in Table 1 show the influence of
the particle size on the maximum volume fraction and
accompanying them, the rheological properties of the
ceramic slurry. As can be observed, it was possible to
obtain a higher volume fraction using the silica with the
average particle size of 200 nm (30 vol%). Although,
the suspension with such solid loading still behaved like
a liquid and showed a meaningful dilatant effect
(2865 Pa-s), it was characterized by a high relative vis-
cosity around 100 Pa‘s. Moreover, the onset of shear
thickening and critical shear rate occurred quite fast (2
and 6 s_l). The maximum volume fraction in the sus-
pension with silica of 7 nm was 25 vol.%. Despite the
fact that the relative viscosity, onset of shear thickening
and critical shear rate occurred at a higher shear rate
(16, 12, 25 sfl), the critical viscosity was much lower,
638 Pas.

CONCLUSION

In this study, the influence of nanosilica particle size
on the dilatant effect of shear thickening fluids was
investigated. The measurements showed that the shear
thickening properties can be controlled by several
different parameters. The application of silica with
a greater particle size results in an increased critical
viscosity and maximum volume fraction. The particle
size also affects the onset of shear thickening by shift-
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ing the jump to a lower shear rate when the suspension
has larger silica particles. It indicates that the particle-
particle interactions and the cluster formation are
strongly influenced by the particle diameter in the
nanometer range.

The same conclusion can be provided in regards to
the influence of volume fraction. With an increasing
solid content, the critical viscosity increases, however,
the onset of shear thickening and critical shear rate
occur at a lower shear rate. It indicates that the dilatant
effect also depends on the volume fraction of the parti-
cle. This phenomenon could possibly be explained by
the assumption that the increase in weight fraction
shortens the distance between the silica nanoparticles,
therefore it is easier to form clusters and exhibit shear-
thickening behavior.

Acknowledgements

This work was supported by the National Center for
Research and Development (agreement No. PBS1/A5/
19/2012).

REFERENCES

[1] Barnes H.A., Bebington W., Shear-thickening (“dilatancy”)
in suspensions of nonaggregating solid particles dispersed in
Newtonian liquids, J. Rheol. 1989, 33, 329-366.

[2] Galindo-Rosales F.J., Rubio-Hernandez F.J., Veldzquez-
-Navarro J.F., Shear-thickening behavior of Aerosil®R816
nanoparticles suspensions in polar organic liquids, Rheol.
Acta 2009, 48, 699-708.

[3] Laun H.M., Bung R., Hess S., Loose W., Hahn K., Hadicke
E., Hingmann R., Schmidt F., Lindner P., Rheological and
small angle neutron scattering investigation of shear-
induced particle structures of concentrated polymer disper-
sions, J. Rheol. 1992, 36, 743-787.

[4] Bender J., Wagner N.J., Reversible shear thickening in
monodisperse and bidisperse colloidal dispersions, J. Rheol.
1996, 40, 899-915.

[S] Maranzano B.J., Wagner N.J., The effects of interparticle
interactions and particle size on reversible shear thickening:
hard-sphere colloidal dispersions, J. Rheol. 2001, 45, 1205-
-1222.

[6] Maranzano B.J., Wagner N.J., Flow-small angle neutron
scattering measurements of colloidal dispersion microstruc-
ture evolution through the shear thickening transition,
J. Chem. Phys. 2002, 117, 10291-10302.

[7] D’Haene P., Mewis J., Fuller G.G., Scattering dichroism
measurements of flow-induced structure of a shear thicken-
ing suspension, J. Colloid. Interface. Sci. 1993, 156,
350-358.

[8] Bender J.W., Wagner N.J., Optical measurement of the
contributions of colloidal forces to the rheology of concen-
trated suspensions, J. Colloid. Interface Sci. 1995, 172, 171-
-184.

[9] Hoftman R.L., Discontinuous and dilatant viscosity behav-
ior in concentrated suspensions. II. Theory and experimental
tests, J. Colloid. Interface Sci. 1974, 46, 491-506.

[10] Boersma W.H., Laven J., Stein H.N., Viscoelastic properties
of concentrated shear-thickening dispersion, J. Colloid. In-
terface Sci. 1992, 149, 10-22.



The influence of nano-SiO, particle size on dilatant effect of shear thickening fluids 121

[11] Bossis G., Brady J.F., The rheology of Brownian suspen-
sions, J. Chem. Phys. 1989, 91, 1866-1874.

[12] Farr R.S., Melrose J.R., Ball R.C., Kinetic theory of jam-
ming in hardsphere startup flows, Phys. Rev. E. 1997, 55,
7203-7211.

[13] Foss D.R., Brady J.F., Structure, diffusion and rheology of
Brownian suspensions by stokesian dynamics simulation,
J. Fluid. Mech. 2000, 407, 167-200.

[14] Catherall A.A., Melrose J.R., Shear thickening and order—
disorder effects in concentrated colloids at high shear rates,
J. Rheol. 2000, 44, 1-25.

[15] Boersma W.H., Laven J., Stein H.N., Shear thickening
(dilatancy) in concentrated dispersions, AIChE J. 1990, 36,
321-332.

[16] Farr R.S., Melrose J.R., Ball R.C., Kinetic theory of jam-
ming in hard-sphere startup flows, Phys. Rev. E. 1997, 55,
7203-7211.

[17] Silbert L.E., Melrose J.R., Ball R.C., A structural analysis of
concentrated, aggregated colloids under flow, Mol. Phys.
1999, 96, 1667-1675.

[18] Wagner N.J., Brady J.F., Shear thickening in colloidal dis-
persions, Phys. Today 2009, 62, 27-32.

[19] Jiang W.Q., Sun Y.Q., Xu Y.L., Peng C., Gong X.L.,
Zhang Z., Shear-thickening behavior of polymethylmetha-
crylate particles suspensions in glycerine-water mixtures,
Rheol. Acta 2010, 49, 1157-1163.

[20] Genovese D.B., Shear rheology of hard-sphere, dispersed,
and aggregated suspensions, and filler-matrix composites,
Adv. Colloid. Interface Sci. 2012, 171-172, 1-16.

Composites Theory and Practice 13: 2 (2013) All rights reserved



