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From shear thickening to shear-induced jamming
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We show that applying shear to a suspension may lead to either thickening or permanent jamming, depend-
ing on the volume fraction of the considered suspension. Interpreting measurements of conductivity under
shear, we invoke a dynamical structural transition to explain the origin of shear thickening in suspensions of
non-Brownian particles. We finally suggest that shear thickening and shear-induced jamming be regarded as
two consequences of this dynamical structural transition.
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Shear thickening and jamming are questioning phenomwhen it is moderately stirred with a spatula. The behavior of
ena from both the fundamental and the industrial point ofthe corresponding shear-induced jammed state is also notice-
view. Both are very often observed with industrial suspen-able: while this state is indefinitely stable kinetically, it
sions and may cause severe problems in many processé¥eaks down and becomes liquid again if slightly vibrated.
such as mixer blade damage or jamming in a transport pipginally, above 31.5% volume fraction, the suspension looks
[1,2]. First observed in 1938 by Freundlich anddeo[3] in  like a paste and behaves like a solid, symptomatic of a
suspensions of hard spheres, shear thickening is the incredggmed St§t¢278,9]- _
of apparent viscosity with increase in shear fatd]. In this Let us first focus on the range of volume fractide-
paper, we show that, when a sufficiently concentrated sugween 17% and 22.5pwhere the suspension is a liquid that
pension of non-Brownian particles is submitted to shear, i€Xhibits shear thickening in a limited range of shear rates. In
may exhibit either shear thickening or permanent jammingPrder to study this phenomenon quantitatively, we used a
(i.e., become pastydepending on the volume fraction of the Stress-controlled rheometéTA Instrument$ with a plate-
considered suspension. We subsequently measure differepigite geometry and a gap of 2 mm, large compared with the
components of the conductivity tensor of a suspension undgtarticle size. We made viscosity measurements in a time
shear and invoke the dynamical order-disorder transition scescale appropriate to avoid any influence of water evaporation
nario proposed by Hoffmaf5—7] to explain the origin of Of particle sedimentation anq scratcheq the inner face of the
shear thickening in suspensions of non-Brownian particlesy€ometry to prevent any slippage. Figuré)lshows the
Fina”y, we suggest that shear thickening and Shear-inducel@easured V|SCOS|ty as a function of the Imposed shear stress.
jamming be seen as two consequences of this same dynanfibe two samples with the lowest volume fractions show a
cal structural transition. Newtonian behavior. At fractions higher than 22.5%, no re-

The system considered here is a suspension of bismufpfoducible rheology experiments could be performed. All the
oxychloride (BiOCI) in a very dilute polyelectrolyte— Other samplegfrom 17.5% to 22.5%display the same vis-
namely a short polgodium acrylate—solution. The BiOCI cosity profile as a function of the imposed shear stress. At
particles are non-Browniatmean equivalent diameter of 6 low stress(less than approximately 5 Rathe suspension
wm, measured with a Malvern granulometerighly aniso- behaves as a shear-thinning yield-stress fluid:  viscosity de-
tropic, and have irregular shapes. The polydispersity of thesgreases from infinity. At higher stress, shear thickening takes
particles is moderate as it corresponds to a measured unifoplace: viscosity increases with shear stress. At even higher
mity of 40%. The uniformity is defined as the mean devia-Stress, above approximately 100 Pa, the suspension becomes
tion to the median diameter of the size distribution. Without

additive, the BIOCI particles are very hydrophobic: they wl@ IR ) ?
strongly aggregate in pure water. = | @Cﬁﬁh = 2

Once dispersed, BIiOCI particles exhibit a rheological be- & ¥ § £ 'I' t‘-
havior that depends strongly on their volume fraction. At g © "o z i . .
volume fractions inferior to 17%, the suspension is a New- g = | .<><><> Oﬁ" $ ¢ glll g ©
tonian liquid. Between 17% and 22.5%, the suspension is &> X 9.2.} o1 02.{’
liquid that behaves as follows. It is shear-thinning at low §o  of . . . '
shear rates; the viscosity decreases when the shear rate i~ 01 1 10 100 01 1 10 100 1000

: ecTee . hear stress (P :
creases. It is then shear-thickening at higher shear rates aru shear stress (Pa) shear rate (s )

shear thinning again at the highest accessible shear rates. rig. 1. Measured viscosity of a BIOCI suspension as a function
Between 22.5% and 31.5%, an amazing behavior takegf the applied shear stres) and as a function of shear rate in
place. It consists of a liquid that can be transformed into a logarithmic scale. Each symbol refers to a different volume frac-
persisting paste by moderate shearing. This phenomenotion; full circles, 11.5%; empty circles, 16.5%; full diamonds,
which we have dubbeshear-induced jammings spectacu- 17.5%; empty diamonds, 19%; full squares, 21%; empty squares,
lar: a whole liquid sample becomes pasty in a few second22.5%.
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shear thinning again. It is worth emphasizing here that all 2 2

these viscosity profiles are perfectly reversible: they can be | @ sl (®)
obtained either by increasing or by decreasing the applied= -

shear stress. This whole behavior is a general feature of al’w ! ol

concentrated suspensions of nonaggregating solid particle > 0s ;N o5

[1]. In Fig. 1(b), we have represented the measured viscosity

L
as a function of shear rate for four samples. The range of o op——— 444
shear rate within which the suspension shows shear thicken 200 400 600 800 20 a0 600 800
ing appears extremely limited. In particular, for the two high- shear rate (s°) shear rate (s°)

est volume fraction$21% and 22.5% the viscosity versus FIG. 2. Conductivity anisotropies S(/Se)—1 (3 and

shear rate profile almost bends backward. This part of th?SZ/SG)—l (b) as a function of the applied shear rate for a BiOCI
viscosity profile would be obviously unstable at controlled gyspension of 18% volume fraction. In each case, the curve is only
shear rat¢10,11], leading to a clear discontinuity in viscos- 3 guide to the eye.
ity [1,6].

For the structural origin of shear thickening, two distinct
theories have been proposed in the framework of har®00 s It is important to point out that, according to our
spheres suspensions. The first one relies on Reif@2s  rheological measurements, the viscosity of this suspension
concept of entire layers of particles gliding over each othe(18% volume fractioh starts increasing at a shear rate of
[4] and has been formalized by Hoffmf,7]. According to  approximately 200 s'. Consequently, a dynamical transition
this theory, in the regime of low shear stress, this layeredvithin the flow between anisotropic and isotrogas far as
flow of particles induces a shear-thinning behavior in thethe three measured components of the conductivity tensor
suspension. At some critical level of shear stress, a flow inare concernedstructures takes place when the suspension
stability causes the particles to break out of their orderedhecomes shear thickening. The difference, at low shear rate,
layers and jam into each other, thereby inducing the rise imetween the conductivity in the direction of the velocity and
viscosity that defines shear thickenif@]. This microstruc- that in the direction of the velocity gradient and of the vor-
tural dynamical transition from ordered layers to a jammedicity is compatible with the two aforementioned models in-
state within the flow has been called an order-disorder tranyoked to explain shear thickening. Indeed, an ordered flow of
sition by Hoffman[6]. Note that this theory does not involve adjacent layersgor at least pieces of layersconcentric with
any ordering of the particles within the layd¥s|. The sec-  the Couette cell, gliding over each other in the direction of
ond theory involves a shear-induced reversible flocculationhe velocity, would result in screening the conductivity of the
of particles, or hydrodynamic clustering, which causes thedons in the direction perpendicular to the layers, i.e., in the
increase in viscosity with increasing shear stress as the dyfirection of the velocity gradient. Nevertheless, one could
namical clusters become larger and lar§®r3,14. Hoff-  imagine the same screening effect resulting from the pres-
man and others have used lidi®-7] or neutron[15] scat-  ence of anisotropic hydrodynamic clusters oriented in the
tering techniques to demonstrate the existence, in highljlow-vorticity plane. However, in this latter case, the anisot-
monodisperse colloidal suspensions of hard spheres, of orepy would go on increasing as the liquid enters the shear-
dered layers under flow. However, for polydisperse or anisothickening regime of shear rate, since the anisotropic clusters
tropic particles, such experiments have all failed to detectvould be larger and larger. Such an increase of the anisot-
layering[5,16], which explains why the model of hydrody- ropy is not observed experimentally. Our conductivity mea-
namic clustering is the most often cited in the recent literasurements thus confirm the hypothesis of an at least partially
ture [5], in particular for suspensions of Brownian sphericallayered flow at low shear rate, and of a disordefed at
particles[17]. least, less ordergdlow at high shear rate. However, these

We have performed conductivity measurements undegxperiments provide no direct insight into the structure either
flow in Couette cells(with a gap of 1 mm at controlled before or after the transition. Let us mention the slight re-
shear rat¢18]. The conductivity at low frequenc{20 kHz)  sidual difference betwee®, andS, at low shear rate, which
of the shear-thickening BiOCIl suspension has been measuregeans that these gliding layers of particles are not perfectly
in the directions of the vorticity%y), the velocity ), and  concentric with the Couette cell and are slightly tilted with
the velocity gradient $g). The whole setup is described in its surface. We interpret the anisotropy-isotropy transition of
detail in Ref.[18]. It enables us to measure the three diagothe measured conductivity as indirect but compelling evi-
nal components of the conductivity tensor but not the wholedence that a dynamical structural transition within the flow is
tensor. We have found differences between the three meat the origin of the phenomenon of shear thickening for sus-
sured conductivity values for a certain range of shear ratepensions of non-Brownian anisotropic particles.
We have thus defined two anisotropieS,(Sg)—1 and Between 22.5% and 31.5% volume fraction, the system
(Sz/Sg)— 1. Figure Za) and 2b) show each of these two can be either liquid or pasty. In this region, a moderate
anisotropies versus shear rate, for a system corresponding teanual shearing of the liquid phase induces a dynamical
18% of particles in volume. In both cases, the conductivity iSamming transition. However, the so-called shear-induced
roughly isotropic at rest and at high shear rate, and strongljammed state is only metastable. Indeed, when a tiny drop of
anisotropic at low shear rate. The anisotropy in the conducliquid phase is put into contact with a shear-induced jammed
tivity abruptly decreases for a shear rate between 200 ansample at the same volume fraction, the drop instantly grows
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140 cisely the border between the metastable shear-induced
1ol jammed state and the irreversible jammed state induced by
) an increase of the particle volume fraction.
2 100 | In conclusion, the observed jamming transition, induced
S gol by an increase of the particle volume fracti@pove 31.5%
g can also be induced by shear at volume fractions below
= 60 1 31.5%. The question that remains open concerns the relation
% 40t + between the shear-induced jammed state and the shear-
E 2 thickened state. The former is kinetically stable and has a
i finite lifetime, even when it is vibrated, whereas the latter is
—— i transient and persists only while the shear is applied. How-
20 22 24 26 28 30 32 34 ever, this difference is only quantitative: as can be seen in

volume fraction (%) Fig. 3, the relaxation time tends towards zero continuously
FIG. 3. Relaxation timédefined in the tejtof a BiOCI shear- when the vplume fraction decreases. It is thus IrT.]pOSS.Ible.tO
. : A ) locate precisely the border between the shear-thickening lig-
induced paste submitted to a constant vibration, as a function of the. . .
. . uid state and the metastable shear-induced jammed state. We
particle volume fraction. . . . .
consequently suggest that the shear-induced jamming transi-
tion could result from the same structural transition invoked
and the whole sample becomes liquid in a few seconds. Thi® explain shear thickening in our suspensions of non-
metastability of the shear-induced jammed state is confirmeBrownian. anisotropic particles. Both phenomena would thus
by another observation: the shear-induced paste breaks dovse two different consequences of the same cause. The two
when vibrated and comes back to the stable liquid state. Neflifferent outputs only come from the difference in volume
ther reproducible rheology measurements nor reproducibléaction. If the volume fraction is in the range 22.5-31.5 %,
DWS (diffusing wave spectroscopyexperiments could be the shear-induced jammed state is kinetically stable, whereas

performed within the corresponding range of volume frac-f the volume fraction is below 22.5%, it is unstable and only
tion. Finally, we could only perform a more qualitative ex- leads to shear thickening. In other words, in the former case,

periment to characterize the metastability of the shear'€ volume fraction is too high and there is not enough free
pace for the particles to unjam. Conversely, in the latter

induced jammed state. Figure 3 shows the relaxation time ot

this shear-induced jammed state submitted to a constant v£2S€: there is enough space for the particles to unjam and the
bration, as a function of the particle volume fraction. Thisdynamlcal order-disorder transition is reversible: viscosity

) . . . . oes through the same profile if the shear stress is increased
measurement consists of inducing the jammed state in th 9 P

whole sample, putting it in contact with a vibrator set at 1000 r decreased.

rounds per minute, and recording the relaxation time neces- The Christian Dior company provided some financial sup-
sary for the whole sample to become liquid again. A veryport. We thank Roland Bernon, Daniel Bonn, Cindy Cattelet,
strong divergence of this relaxation time appears for a volBelen Gonzalez, Philippe Gorria, Frams Lequeux, Pawel
ume fraction of 31.5%: above this volume fraction, the sys-Pieranski, and Jean-Frgois Tranchant for helpful discus-
tem is irreversibly trapped into the jamméakr pasty state  sions, and Mike Cates and Pascabirud for a careful read-
[2]. This measurement thus provides a means to locate préag of the manuscript.

[1] H. A. Barnes, J. RheoB3, 329(1989. (1997.
[2] A. J. Liu and S. R. Nagel, Naturg.ondon 396, 21 (1998. [11] D. A. Head, A. Ajdari, and M. E. Cates, Phys. Rev.6g,
[3] H. Freundlich and H. L. Raer, Trans. Faraday So84, 308 061509(2001).

(1938. [12] M. Reiner,Deformation and FlowH. K. Lewis & Co., Lon-
[4] A. B. Metzner and M. Whitlock, Trans. Soc. Rhe@. 239 don, 1949.

(1958. [13] H. R. Kruyt, Colloid SciencgElsevier, New York, 1952 Vol.
[5] R. L. Hoffman, J. Rheol42, 111(1998. 1, p. 354.
[6] R. L. Hoffman, Trans. Soc. Rhedl6, 155 (1972. [14] G. Bossis and J. F. Brady, J. Chem. Prg&. 1866(1989.
[7] R. L. Hoffman, J. Colloid Interface Scil6, 491 (1974. [15] L. B. Chenet al, Phys. Rev. Lett69, 688(1992.
[8] M. E. Cates, J. P. Wittmer, J.-P. Bouchaud, and P. Claudin[16] J. W. Bender and N. J. Wagner, J. Rhet), 899 (1996

Phys. Rev. Lett81, 1841(1998. [17] B. J. Maranzano and N. J. Wagner, J. Chem. Ph{4.10 514
[9] V. Trappe, V. Prasad, L. Cipelletti, P. N. Segre, and D. A. (2001); J. Rheol.45, 1205(2001).

Weitz, Nature(London) 411, 772 (2001). [18] L. Soubiran, C. Coulon, P. Sierro, and D. Roux, Europhys.
[10] G. Porte, J.-F. Berret, and J. L. Harden, J. Phys7,1459 Lett. 31, 243(1995.

060401-3



