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Summary

The flow of concentrated suspensions of solid plegi can be suddendly blocked by the formatioa pércolated
network of frictionnal contacts above a criticalugof the applied stress. Suspensions of magpatiacles coated with
a superplastifier molecule were shown to producrang jamming transition. We find that, for thesgensions with an
abrupt discontinuous shear thickening , a modelgugidivergence of the viscosity at a volume faactvhich depends
on the applied stress does not well describe teerebd behavior both below and above the crititaks. At a constant
applied stress above the critical one, we haviclk slip behavior of the shear rate whose perianl foe predicted and
scales as the square root of the relaxation tintbeofrictional contacts. The application of a dmadgnetic field allows
to continuously decrease the critical shear ratkitaappears that the yield stress induced by thgnetic fiekd does not
contribute to the jamming transition. At laststshown that this jamming transition also appeaathe extrusion of the
suspension through a die, but with a much sloweadycs than in the case of stress imposed oratianal geometry.

Introduction

The shear thickening is an increase of viscositl tie shear rate contrary to a Newtonian fluid nehibe viscosity
remains constant whatever the shear rate. In dallsuspensions it is frequent to observe thisrdhézkening which is
interpreted as due to the formation of aggregfiéed under the increase of the shear force betwaetitles which
overcomes the potential barrier due to a coatirignper or an ionic layer. These flocs emprison thspending liquid
which then behave as a solid of the size of the flde result is an increase of the effective vadraction and so of the
viscosity. A model of this mechanism was descritmed.), (2). In hard sphere suspension where tasgenly
hydrodynamic interactions, the viscosity does regahd on the shear rate and diverges at a maxiralume fraction
@ax Which is close to the maximum random close paclkdng=0.64:

n(®) = n{l—q)ij W

max

where p is an. exponent close to 2. Actually theeeiments made in order to find the value of thgoeent p and oP, .«
suffer from inaccuracies related to the polydisipgraon negligible short range interactions, utaiaty in the
measurement of volume fraction etc..
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In colloidal suspensions the thermodynamic stresgaish scale as kTfawhere a is the radius of the particles-are famfr
being negligible and are responsible for a firgiashhinning behavior before a shear thickeningdureeto the formation of
hydroclusters when hydrodynamic forces dominaterge Peclet number (3). Non Brownian suspensiomsiatained with
particles whose radius is typically larger than orieron. Still in these suspensions, sedimentatimhVan der Waals forces
are present and combine to provoke the agregatitme garticles if they are not coated with a pady layer which
generates an entropic repulsive force betweerati®orbed layers on the surface of the partiatethdse supensions
formed with non Brownian particles, a shear thigkgtis observed when the volume fraction is inaed&gypically above
50%) and above a critical volume fraction, thistoarous shear thickening (CST) is replaced by eodisnuous one (DST),
which appears as a decrease of the shear ratdrigsa imposed ramp, or as a jump in stress irax sate imposed ramp. In
a well monodisperse suspension this transitionsivas/n to be due to the disparition of an orderadttre, formed of
hexagonal planes sliding over each other ,abovitiGatstress able to destroy it (4), (5). Neveldiss this DST behavior
also happens in suspensions where the distribafiparticles is far from being monodisperse andatao have irregular
shape as is the case with the well known cornstarspension (6), (7) .Many other systems basedica @), (9), gypsum
(10), poly-methylmethacrylate (11), calcium carkier@d2), (13) etc.also show this jamming transitibmere is some large
evidence, supported by numerical simulation (14} &lso by AFM measurement of forces between pastid5) , that this
transition is related to the passage from lubritatmtacts to frictional ones when the shear forceeases enough to
overcome the potential barrier formed by a stahijzayer. The critical shear force needed to pcedhis transition
depends on the characteristic of the adsorbed ¢dymlymer. For instance we have shown thattifersame particles, we
can observe a difference of critical stress bgctof of three by changing the superpastifier aadhave related this
difference to the amplitude of the repulsive fogemerated by the different polymers (13). If ini®resting in industrial
processing of pastes to be able to repel this jagutnansition at the highest possible value ofstt®y a proper choice of
the coating polymer, it would be still more inteiieg to be able to control the critical stress hyeaternal mean. That is
what we have succeeded to do by using suspendiomsgmetic particles whose interaction forces cambdulated by the
application of a magnetic field (16). Indeed thical shear rate is shown to decrease strongly thié amplitude of the
magnetic field and contrarily to the expectatite, ¢ritical stress is not constant but increaststive magnetic field.

In a first part , we shall present some typicabthgical behavior associated with the jammingditaon and we shall adapt
the model of Wyart and Cates (17) in the preseheeyild stress and discuss the ability of thesled to represent this
transition. In a second part we shall more spetifi@ddress the control of the jamming transitioth a magnetic field and
we shall try to understand why the critical stiesseases in the presence of a magnetic field tHite section will be
devoted to the study of the instabilities whichwda the regime of flow in the jammed state arell#fst section to a
preliminary study of the jamming transition durihg extrusion of the suspension through a die

Rheological characteristics of the jamming transition

When the volume fraction of a suspension of nonaBiian particles is increased, the rheogram, aesepted by the
shear stress versus the shear rate will changegasigely, passing from a quasi Newtonian behawai@r shear
thickening one and finally will end up with the jamimg transition as represented in Fig.(1).
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These rheograms are obtained on a rheometer MCR 501
(Anton Paar) in a plate plate geometry, the ramgtrass is
made at typically 50Pa/mn which is slow enough to
guarantee the absence of thixotropy. The suspernision
made of carbonyl iron particles in a mixture of yétine
gycol and water where we have added 0.2% in mass of
superplastifier molecule which is a polyoxyethlene
polyphosphonate used in the cement industry. This
molecule strongly adsorbs on the calcium sites haf t
particles through the RO phosphonate ionic groups of the
molecule. The polyoxyethylene tail is composed\arage
of 44 oxyethylene groups: CH2-CH2-O, which has #@equ
good affinity with water; in the following we shalall this
molecule PPP443). We see that even at a volume fraction
as highas 57%he yield stress, is quite low (around 15Pa)
and that the dynamic viscosity is constant, so whele
rheogram is  well  represented hv a  Rinaham

} ) law:T=T, +N.Y. At ®=59% the behavior is already
0 40 80 120 160 200 quite different \7vith a strong

Shear stress(Pa)

LN

Shear rate (5’1) increase of the viscosity above a shear rate oE%0
followed by a domain with small oscillations. Thext
Fig.1 Evolution of the rheology of a suspensiomarbonyl iron P=61%we have a strong jamming transition with a sudden
particles for different volume fractions decrease of the shear rate followed by a regimstrohg
oscillations around a mean value of 35Einally, at 62%
there is also a jamming transition but occurringadower shear rate. If we still increase the vauimraction, at some
given value close to 66% the system is completahgnjed and there is no flow at all when the stresmdreased.
Actually a definitive blocking of the system whagevithe imposed stress will depend a lot of thetigifs of the
particles, of the roughness of the walls of thé, eeld of the non-dilatancy of the gap under lapplied shear stress.

The DST transition can be more or
less abrupt. For instance, in Fig.2 we
have reported the jamming transition
for carbonyl iron particles (average
diameter 1.@m), for carbonate
calcium particles (average diameter
4um), and for silica particles (average
diameter pim). The three suspensions
are in water but the two first ones are
stabilized by 0.2% in mass of the
molecule PPP44 whereas there is no
—+Tron .61% surfa_u_:tant Wi_th silica V\_/hose
 CaC03. 68% stabilization is due to its natural -

Aak cros e ionization in water. The iron particles
— silica, 55% present the stronger transition with,
above the critical shear stress

12
-
-

[a—"
hn
=

Shear stress (Pa)
[E—Y
o
-

0 1.=100Pa, large fluctuations of the
. shear rate -we shall come back to this
0 40 30 120 160 point in the third section. The calcium
Shear rate (s'l) carbonate a®=68% has also an

abrupt transition for. =147Pa but

Fig.2 Jamming transition for suspensions compa$éwn particles (red  followed by some much smaller

symbols), calcium carbonate particles (solid bine)land silica particles (solid 0scillations of the shear rate. Last, for
green line) the suspension of silica particles there

is a continuous decrease of the shear
rate abova.=12Pabut without a clear regime of oscillation. Notecalbat the abrupt increase of shear rate=465 Pa
is just due to the expulsion of the suspensiorobthie gap between the two plates. It is worthnpthat other systems
do not show a decrease of the shear rate but atlypeof its increase which corresponds to a \edrliee, on the stress-
shear rate graph; this is the case for cornstargpenision in water or silica particles in mineiia(18). These different
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regimes depend likely on the deformability of tlatzles and on the softness of the repulsive daformed by a

coating polymer or an ionic layer.

In Figs (1) and (2), the rheogram correspondsremg of shear stress that is to say to a continimmusase of the torque
on the upper plate. In this situation, a transfdgiomaof the suspension in a jammed state can pedudecrease of the
rotation speed or even its complete stop. On therdiand, if the motor imposes a ramp of velodityen the shear rate
exceeds the critical one, we expect a jump in Heasstress which will recover, if it exists, theuch where the shear
rate begins again to increase in the regime of segostress. Actually, in the suspensions with amppbamming
transition, the jump of stress above the critideas rate, is very high and well above the rheomeagximum torque.
Furthermore, the stress generated is transmittdidligaand ejects the particles outside the suspand9). In a plate-
plate geometry the suspension goes out of the delp W cylindrical Couette geometry particles areshed outside the
free surface and air enters the suspension, pnoglacfoam at the surface. In order to get rid bka interface and also
to have a high enough torque capacity, we have adadh torque viscosimeter developed by CAD congparainly to
measure the viscosity of concrete. We have designeall where the suspension is confined by aneskal (Fig.3a). To
prevent slipping we have used either a vane orubldohelix as the rotating tool; also the outsiddl g serrated with
stripes of depth 0.2mm.

Ba“_ 140 lo(cPa)

120 ¥

100 i ¥
50 3 . #7
60 i £
—10 L & ;

VL LISl 20 \ 1 : 1
Teflon seal 0 pq_q-—{w
0 10 20 30 40 50
Shear 1'ate(s'l)
Fig. 3a Sketch of the confined cell Fig.3b Ramp of shear rate. Iron suspensisr2%

This rheometer works in the imposed velocity modé i Fig 3b we have reported the stress measungédgda ramp of
shear rate. We see that there is an abrupt junsfregs which reaches 80kPa, nevertheless this stoes not remain at
this high level but oscillates between the flowargl a jamming state which increases with the stadar In this case, the
structure of the suspension manages to come bagkiéntly to the flowing state despite the fact tha shear rate is
above the critical one. We shall discuss this pioithe section devoted to the application of a meig field.

Rheological model of the jamming transition

It is now quite well established that the DST isgrated by the transition from lubricated to factal contacts as shown
by numerical simulations (20). The key parameténésfraction of frictional contacts:d} which is expected to be a
growing function of the stress. It is needed tatesthe viscosity to this function; this can beedirectly by assuming
that the viscosity should diverge when a giventfoacof frictional contacts is reached (13) or iedily by the mean of
the volume fraction as proposed in (17). In th& Epproach two limiting volume fractions are cdesed corresponding
to f(0)=0 and f@)=1. The first ona&b, corresponds to the maximum packing fraction ofshgpension in the absence of
frictional contacts. It would be the random closelking®,=0.64 for monodisperse spheres, although the steict
formed by the flow can change this diverging volunaetion which can reach 0.7 and may corresporitgstacking of
FCC multilayers rafts (21). For polydisperse suspmrs it can be much higher, arouhd0.8 (22). The second critical
volume fraction is the one corresponding to thenjimg of the actual suspensiah;, where all the contacts are frictional
and the suspension can no longer flow whatevesttiess. Then, for a given stress, the authors a&sthahthe viscosity
will follow the usual law of divergence of the visity, but with a maximum volume fractio®,<®;(0)<Py ;

N(©) =Ny with p=2 @)
(1-@/0,(0)
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The diverging volume fractio®;(c) must be related to the functiomj(since its two limits correspond to f=0 and f=1
and the simplest hypothesis is a linear dependence

®,(0) =d,f (0)+ D, (1~ (0)) 3)

As f(0) is a growing function of the stress, the maxinpawking fraction will decrease with the stress smdhe
viscosity will increase (cf Eq.(2)). If the visctsi)(o) grows faster thaa, then the shear rafg(0) = o/ n(o) will

begin to decrease, corresponding to the beginrfitlgedDST transition. We are going to see how mhiglel can be used
to reproduce our experimental data. In Fig. 4 weetraported the rheograms obtained on a suspeastarbonyl iron
with 0.2% in weight of superplastifier and diffeteolume fractions. Atb=56% we have a shear thickening behavior
followed, at high shear rates by a slight “S-shagiegracteristic of the DST transition. &=58% the S-shape is more

pronounced and a=62% andd=64%, the S shape has been replaced by an abmeade of the shear rate followed
by an oscillation regime.

10000

— pli=0.64 —phi=0.62 phi=0.58 — phi=0.56 —— Phi=0.45

1000

100

10

Shear Stress (Pa)

1 I 1 N TR T T B B | I 1 N TR T T B B | 1 I I IR N B |

1 10 100 1000
Shear rate (S'l)
Fig.4 Rheograms of a suspension of carbonyl irah @i2%wt of PPP44 for different volume fractions

We are going to fit the curve presenting the charatic S-shape a=58% with the help of Egs. (2)-(3). The maximum
volume fraction at which the suspension is complétanmed from the beginning 8B,=67%. As already discussed, the
maximum packing fraction without friction can b&ea asP,=0.8 for a polydisperse suspension. The shapeesof th
function f(©) is unknown, it is just a monotonous growing fumetbetween 0 and 1. The choice of the simple fanctl-
exp(-o/o.) wherea, is the critical shear stress was done in (17)thsitconvenient to introduce a parametexhich will
determine the steepness of the function and wifl teefit the experimental result. In this case cad take: f§)=1-exp(-
A.o/a.). The two remaining parametey@andng can be obtained by requiring first that the cyrasses by the

dy

point(0, Y, ) and second that the derivative- = 0 at this point. This last condition linksto p and it is
0 0=0¢
expressed by:
(0 e )dLog(r]) _, . pR@,-0,) df (0)| _ 1 @
c vy
dO' G:GC ¢jC [q)jc - ¢} (b |O' :GC O-C _Ty

We have introduced the yield stragsvhich is often present at high volume fractiong&ther with Eq. (2), it imposes
for the viscosityn(o,) at the critical point to satisfy the Bingham ldwthis expressio®; is the value ofp; for o=0.. It
appears that with the value p=2 for the divergerfdbe viscosity and &)=1-exp(A.o/a.), there is no value of which
can fulfil Eq.(4) to represent the S shap@a0.58 with the corresponding critical point=927 Pa ang.=536s". A
more stronger divergence of the viscosity woulcheeded (p=4) to satisfy Eq. (4). Instead we haed assigmoid
function for f(@) which allows to satisfy this condition with p=2:

Phil. Trans. R. Soc. A.



1
f(o) = (5)
)
0-C
P
. " Oc _Ty )
The value ofy, is fixed by the condition 1y =—— 1- (6)
Ye CD]- (GC)

but does not correspond to the viscosity of ttepending fluid. In Fig. 5, we have plotted the expental curves of
Fig. 4 for®=0.58 andb=0.62 together with the theoretical expressionsmgivy Eqs (2), (3) and (5). The values\and
No obtained from Eqs (4) and (6) are f¥0.58:n,=0.076Pa.s\=3.12 and for®=0.62:n,=0.077Pa.s\=2.51. The yield
stress was taken respectively as 7 Pa and 20 PérdtMeote that the model reproduces qualitatithly S-shape at
®=0.58 but not at all the abrupt decreas®=a0.62. In order to have this abrupt decrease, ig@sity should increase
abruptly, but the divergence of the viscosity (E)).ith ®;(0)>®P,,=0.67 can't reproduce it because it will smootklyck
towardsn ma=(1-P/®,) % and then end up with a Newtonian behavior at kigéss as we see on the figure (black solid
line). A possible explanation of this failure woudd the onset of instability at the turning poiMe shall discuss this
hypothesis in the third section. Concerning thepeatemy it is interesting to note that it remains almd& same for the
two volume fraction.

0000 . . o o
1000¢ ¢ Phi=0.58 exp —Phi=0.58 th ——Plhi=0.62 exp —Phi=0.62 th

100

Shear Stress (Pa)

l 1 1 I TN TN N I | I 1 N N TN Y I | I 1 I T N N T |

1 10 100 1000
+ -1
Shear rate (s )
Fig.5 Fit of the experimental rheograms with Bugs(2),(3),(5)ford=0.58 (blue solid line) and=0.62 (black solid
line)

Effect of a magnetic field on the jamming transition

The jamming transition is provoked by the failufah® repulsive coating layer, adsorbed on théiglas to prevent a
direct contact between the surfaces,above a gippliea stress. The applied stress is a key pararsieiee we expect
that the force which pushes two particles agaiash@ther will behave like:,=m&” 0, wherea, is the applied stress.
Above a given applied force we suppose that thepcession of the polymer layer is large enough talile to push
away the molecules adsorbed on the surface, anddhaduce the transition from a lubricated taietional regime. So
for 0>0, the transition should occur. If we add an exteattaactive force between the particles, such asmgnetic
force, we could expect that the transition willégiace at a lower hydrodynamic stresg ,since we have now the
conditionoyt+ T, >0, Wheret, is the magnetic stress which is approximately\adent to the yield stress due to the
application of the magnetic field (23), (24). Thtbe condition:

n V. +1,=0, 7)
°(1—c1>/c|>j @) ’
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states that if, increases the critical shear rate should decrea$eqst if®;(c.) does not vary too much with the
magnetic field. This is what we observe in Fig.l&eve we present a complete sweep of amplitudesghetic field for
a volume fraction of carbonyl iron particles witir63% suspended in a mixture of water and ethyléywl In these
experiments we have used a plate-plate geometryhaniield is perpendicular to the surface of thiating disk.

—— 0 KA/m
—T717 KA m
. 400 1 143 K& /m

i

{E 300 —— 215 K& m
B 9 — 0T KA ™
v 1M 309 KA m
43.0 K&/ m

0 1 1 ] !
=02 KA/ m

0 20 40 G0
Shear rate

Fig.6 Ramp of stress for different amplitudes aefgmetic fieldd=63%. A
magnetic field of 10kA/m is equivalent to an indantof 12.5 10 Tesla

We actually observe the decrease of the criticedshate as the amplitude of the magnetic fieldeiases and also a
regular increase of the critical stregs In the two following figures we have reported thitical stress (Fig 7a) and the
difference between the critical stress and thelyséless (Fig.7b). We observe in fig.7a that thelfcritical stress is
about two times the initial one. On the other haiwe subtract the yield stress from the critioak in order to keep
only the hydrodynamic component of the stress, thesncomponent does not increase with the magfietit (Fig.7b). It
indicates that it is the hydrodynamic componentcwidrives the jamming transition, the magnetic juisé modify the
yield stress and the dynamic viscosity of the snsjaa (since the slope of the curve increases ibgasith the field) but
does not contribute directly to the force whichlwieep out the coating polymer.

.-";'\ ~ MD B
il . o
© 300 | _ " %
5 " 5 200 |
2200 o wm :
= s R
2 100 | E. 100 | t
- s
0 1 1 1 T‘:_.
- m 1 1 1 1 1 ]
0 20 40 60 0
Magnetic field (kA /m) 0 10 20 30 40 50 60

Magnetic field (JeA /m)

Fig.7a Critical stress of the jamming transiti@isus Fig7b The critical stress minus the yield stfesshe
the applied magnetic field fab=63% same experiment than in Fig.7a

In other words, it means that it is not so muchdbpression of the polymer layer that is needegktaid of it but
rather a shear force which is provided by the hgignamic stress. If it was a compression force winak required to
remove the polymer, then since both the magnetidlfam hydrodynamic one contribute to the compressfee critical
stress should remain constant instead of increasirghown in Fig. 7a.

Another interesting situation is obtained if we msp a given shear rate and raise the magnetic Tibkel result of this
experiment is shown in Fig. 8.

Phil. Trans. R. Soc. A.



100000 A shear rate of 30swas applied from the beginning.
""" and we raised progressively the amplitude of the
magnetic field. The jump of stress occurs a fevosdc
after the step of 21kA/m. This jump of stress
10000 B it LY corresponds to two orders of magnitude, and isadlgtu
T limited by the maximum torque of the rheometer ¢her
0.3N.m). Using the homemade rheometer with the cell
shown in fig. 3a, we found that the yield stress ca
1000 jump up to 150kPa for field of only 8kA/m.
T Furthermore, instead of oscillating between a jacthme
state and a flowing state as it is the case imbsence
of field (cf Fig. 3b), it remains in the jammedtsté25)
which allows to use this field induced jamming
transition for applications in force or torque
transmission.
We have seen that above the jamming transition we
observe large fluctuations of the shear rate duaing
ramp of stress (Fig. 2) or of the stress duringrapr of
0 20 40 60 80 100 shear rate (Fig. 3b). We are now going to analyseem
) ) ) ) ) o specifically this instability which occurs aboveth
Time(g) critical point both in absence and in presence of a

100

Shear Stress (Pa)

:

10

Fig.8 Increase of the field step by step at a eanshear rate magnetic field

of 30s. Volume fractiond=0.61

Analysis of the instabilities above the jamming transition

No magnetic field

Contrarily to what is observed with cornstarch sunsgions or some silica suspensions where we haw# transition
which manifests by a S-shape, as is the case &ike bbwest volume fraction (cf Fig. 4), we hawdan immediate
decrease of the shear rate followed by a reginstrofg oscillations (cf Fig.1-2). Some of them webserved at
imposed shear rate (8), and imposed stress (ZB)jr(3hear thickening suspensions. If we condoaeriment at a
fixed stress above the critical one in a plategpfgometry, we see in Fig. (9) that we have sogeae oscillations with
a saw tooth shape. At the lowest stress, just attw/ansition, the shear rate can even changigofas we previously
observed in calcium carbonate suspensions, me#mnghe rotational velocity of the upper diskrisérted during a
short interval of time. The second observatiomé,tat higher imposed stress, the oscillation®asealler amplitude
and of higher frequency. We previously (13) gavegplanation of these oscillations with a saw tasithpe by
introducing the inertia of the tool in the equat@imotion in the presence of a rheological modebkpnting a S-shape
but with a simple equilibrium model where the visitp was supposed to divergerg$)=n, (-fy)® where f;, was a
parameter. We are now reconsidering this model thighviscosity represented Eygs (2), (3). We are also including the
yield stressty in the two dynamical equations for the stresstaedraction of frictional contacts:

iCV(t):oa<t)—n(f(t))V(t)—Ty or: os(t)=oa<t)—icv<t):n(f(t))x'/(t)+Ty ®

of _ 1.
Fra U ECP) 9)

In Eq. (8) 1=9.36 1§ is the inertia of the tool plus the one of the anathich is attached on the same axis anaf2h
=2.51 10" is a constant specific to the plate-plate geontedrngng a gap h =1mm and a radius R=20mm. The term:
pdv/dt expressing the inertia of the suspension doégppear since it is negligible compared tonieehanical inertia.
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Nevertheless; this term which gives a spatiallyal@e stress, is responsible also for an instghlitt at much higher
frequencies (28) than those appearing in Fig (9).

25
—120Pa = 150Pa
20

(S
LN

[—
=

-

Shear rate (s'l)
N
==

o)

0 1 2

Time(s)
Fig.9 Shear rate versus time for a constant agpglieess of 120 Pa and then 150Pa. Carbony irgesision in
water atd=0.62 with 0.2% weight of PPP44

(o8}

An important point is that the real stress actinglee suspension is not the supposed applied drtédapplied one plus
the one coming from the inertia of the tool as desionstrated in (27). Consequently the fractioficfional contacts
should depend on the actual stragshich is different from the applied stress, because of the inertia term given by
EqQ. (8). The yield stress introduced in this Eq. (8) can arise from anyaattive force including the magnetic one

We can apply a linear stability analysis to Eg$.a{@d (9) in order to predict the frequency of diseillations.
The perturbations are givens in the usual way: vétipect to the equilibrium values:

f=f,(0,)+& y=y,+d with & =Ae®" and &y=Be" (10)
The viscosity is a function of df through the equations (2) and (3) and needs tiebeloped as:

_ an
n(f) =n(fe) + pr

fe

Taking into account that (cf Eq. (8) 0, —0, = —(I/C)y and thaty = dy since ¥, = Cat equilibrium, and
inserting Egs. (10) and (11) into Egs (8) and \@,end up, after keeping only the linear term$eperturbation, with:
on

I o _ | of . —
[EQ+n(oa)}6y+yaaoa5f =0 and Ea—oaQéy+(1+TQ)5f =0 (12)

& and we have also f (o) =f (o) +(0;-0 e)g—f (11)
Olg,

The condition of a zero discriminant of these twoations gives the following equation far

QZ +Q|: 1 + n(o-a)ﬂ :|+i:o Wlth .[I(O_a) — I I 2h (13)
Oa

() T ool | TT, Cn@,) n(,) R
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whereT, is the inertial time which depends strongly onrthéius of the upper disk. To derive Eq. (13) weehased:
on| of| _on| _ 1|, n(9)oy
of 5. 00

a

o, 00 0. Ya T 00
In these equations, is the applied stress ary, the corresponding shear rate in the absence tabitiy. The result for
the angular frequency is then:

Oa

4

Q=05 = L+ _+N0O) N -4
Oy T'TI(Oa)

- N (CAY:
1,(0,) T 00

o.) \\T(0,) T 00

(14)

If the first term becomes negative then the terp(@X diverges and we have the growth of the instigbithose period
is given by :

T=2n/Q, =2m/t1,(O,) (15)

In principle, we see that the paramateiescribing the rate at which the percolation foacteturns to its equilibrium
value can be deduced from the experimental peffididecoscillations. We have compared in Figs.10 Bhthe
predictions of the dynamical model (Egs 8-9 ) ottthe ramp of stress and for the two stationayes of 120 Pa and
150 Pa which are above the critical streg=97Pa. In Figs.9-11 the experimental curves coomedpo the same
suspension of carbonyl iron in waterdst62% with 0.2% of superplastifier

140 + + Exp 120Pa ——th 120Pa ----th 150Pa
120
100
80
60
40
20
0 T T S S T
10 15 20 25 30 35 40

Stress(Pa)

shear rate (s'l)
$A --_ p
‘w\
PN

-10

=
-y

Shear rate (s'1)
Time(s)
Fig.(10) ®= 62% iron particles in water with 0.2% Fig.(11) Oscillations of shear rate at constantiedfstress.

PPP44. Purple : experimental shear rate versugedppl Blue losange: experiment at 120Pa. Solid bluerioetel at
stress . Blue: Model with Eqs(8)-(9). 120Pa. Black dotted line:model at 150Pa

In Fig. (10), the theoretical curve (in blue) wédmained witht,=15Pa \=2.48 for the sigmoid (Eq. (5)) amd=0.059 for
the viscosity (Eq. (2)).These two last values bosé which match the critical point to the experitakone obtained

with Egs.( 4) and (6). We can see that, given toesstraints ay =0 and aty =Y, = 34s™, the theoretical curve is

quite different from the experimental one. Actudhg theoretical model is based on a progressigarghickening

before the DST transition since the jamming voldraetion ®;(c) decreases continuously wherincreases, which
results in an increasing viscosity wih On the contrary the experiment (purple curveind®) can be represented by a
Bingham law up to the transition point, meaning the fraction of percolating contacts remains &wvd suddenly
increases at the critical stress. As in the expantirabove the critical stress, we obtain stromglatons of the shear
rate, but with two differences: the amplitude adgt oscillations is smaller than in the experinagit their maximum
value remains close or slightly aboye. This is more visible in Fig.(11) where we havetfgd the experimental

oscillations of the shear rate for a constant aplitress of 120 Pa (blue losanges) together hétipttediction of the
model (solid blue line). We see that the theorétisaillations are well above the experimental ome®rder to get the
same period as the experimental ong;=D.16s we have taker¥2ms. The theoretical period given by Eq. (15) with
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1=2ms is slightly smaller: §=0.11s, this is not surprising because it comas fadinear approximation valid when the

instability just begins to develop.
. _ At last we see in Fig. 11 that for a higher sti@s$50 Pa

« Eq(2)p= +~Eq(2)p=2 —~Exp the period of the oscillation has slightly decreb@sack

40 - dotted line) with T,=0.12s. This is coherent with the
experimental observation (cf Fig. (9)) although the
decrease is more pronounced with,0.083s.
Qualitatively, this decrease of the period is esdato the
decrease df|(0) (Egs (13) and (15)) since the viscosity
increases with the stress

In order to reproduce the large value of the cestailhs
observed in Fig. (9), it is needed to use a differsodel
for the divergence of the viscosity. For instantcé&ig.
(12) we have used a stronger divergence of th@sitc
with p=4 instead of p=2. Comparing the black cunséhe
=10 ' ' ' ' | red one we see that the amplitude of the osciltatie
increased and, also that the drop of the sheaisratere
3 32 34 36 38 4 abrupt like the one of the experimental curve (blue
] triangle). Nevertheless the major difference wlith t
Time(s) experimental curve is that the upper value of treasrate

Fig(12) Comparison of two divergences of the vsio remains close to the critical one whereas in the
(Eq.(2)) with either p=2 (black triangles) or pFéd experiments, after the abrupt recoil of the shate, ithe
triangles) The blue triangles are from experiment. oscillations never reach again the critical onegf 10 or
Fig.(1)). The fact to use p=4 in Eq. (2) for theoasity has
no theoretical justification, it just emphasizes tieed for a more abrupt increase of the viscesttythe stress or in
other words to generate a stronger negative slofieei S-shape of the stress versus shear rate. tMevbelieve that,
since the jamming transition generates a frictictiass, there is no reason to stick to a deperdgfribe viscosity
which is only justified in the presence of lubricatand soft repulsive forces.
In (13) we tookn(f)=ne (f(0)-f\) P which is somewhat arbitrary but takes into accahat the divergence of the viscosity
is directly driven by a critical fraction of fricthal contacts rather than by a critical volumetfoa even if this critical
fraction should be a function of the volume fraotaf the suspension.

shear rate (S'l)

Influence of a magnetic field on the oscillating regime

As we have seen previously in Fig.(6) the applicadf a magnetic field allows to decrease theazitshear rate of the
jamming transition. We are going to investigateeffect of the magnetic field on the oscillatiogirae above the
transition. This effect is shown in Fig.(13) wheve have increased step by step the magnetic kekpjng constant the
applied stress, always at a volume fraction of 628 oscillations of the shear rate quickly dases when we increase
the field and their frequency increases. Then tsleipe becomes more irregular and finally abové\ifikhey have
totally disappeared (solid green line).
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26 1
» L - H=0 = H=52kA/Mm - H=79kA/m — H=10.75kA/m
18
14
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-
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_2 1 1 1 1
0 0.25 0.5 0.75 1 1.25 L5
Time(s)

Fig. (13) Oscillating regime for the shear rate@istant applied stress;=120Pa, for different magnetic fields.
Volume fraction of carbonyl irortb=62%

Actually, as shown in Fig. (6),when we increaserttagnetic field we also increase the criticaéstrabove which the
instability appears. It is then understandable, thate apply a constant stress (here 120 Pa) mecreéase the magnetic
field, the critical stress will go above the apgdl@ne and we shall fall inside the stable regiorthe instability will
disappear. Nevertheless, if we apply the modelrimsit above by increasing progressively the clist@ess between
100Pa (the critical stress in the absence of #id)fto 120 Pa in order to represent he effechefhagnetic field ,we do
not observe the same behavior as the one desdnilbég. (13): the amplitude and the frequency dfiléstions remain
practically constant until a critical stress of 13Pa is reached where the oscillations suddenapgdisar. Once again it
appears that the description of the evolution efitiscosity with the stress (Egs. (2)-(3)-(5)) é& well adapted to
systems where the fraction of frictional conta@syabruptly with the stress.

Jamming transition in a capillary

Until now, we have considered rotational geometities in many industrial processes like the in@tf pastes or
ceramics inside molds, the suspension is pushétkiascapillary, so it is important to see how faimming transition
behave in a capillary. To achieve this aim, we hased a Malvern RH7 capillary rheometer whose dian@ the barrel
was 9.5mm and its length 28 cm. The diameter ot#mllary was d=2R= 0.75mm and its length L=3mine Ppressure
sensor was placed inside a hole perpendiculartatfs of the barrel and close to its end where#mdlary is screwed.
For a viscous medium, the shear rate at the wali@tapillary and the pressure drop are respégiieen by:

y=4Q/mMR’) and P.= 8ln Qi#t R (16)
Wheren is the viscosity of the suspension, Q the voluloe fate and L the length of the capillary. The exment was
done with a volume fraction of iroh=64% in a mixture of ethylene glycol and water algvavith 0.2% of
superplastifier. The viscosity of the suspensios qva5.4Pa.s. The pressure versus the shear rateresemted in Fig.
(14a) for two different ramps of shear rate.
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Fig.(14a) Pressure versus shear rate in a capillary Fig. (14b) : Evolution of shear rate (blue curvejl af the
rheometer. Suspension of ird¥64%. Red curve :slow pressure(red curve) with time. It corresponds éorét curve
increase of shear rate (see Fig 13b). of the left figure.
Black curve:fast increase (69mn)

The first one corresponds to a ramp with a constaear rate of 50sduring 300s and then a ramp from %@s 300 &
in 700s; the second one to a ramp of shear rate @reo 1803 in 175s. In Fig. 14b we have plotted, for the stamp,
the pressure and the shear rate versus time. Websanve that, when the shear rate is raised slovelyhave an abrupt
transition at the last step of shear rate withpitessure rising from 0.02MPa to 0.3MPa .This issiigeature of a
jamming transition otherwise the pressure shoutst llaearly with the shear rate (cf Eq. (16)). Afthis peak, if the
shear rate is kept constant, the pressure decrslagaty and fluctuates around 0.22MPa. If, on ¢batrary, we increase
the shear rate more rapidly, then we still obsarvéncrease of pressure which is not at all livagr time but does not
show this abrupt transition. The pressure stepsruobd in Fig. 14a (black line) correspond to theastrate steps. If we
calculate the pressure at the maximum shear rat8Gsf from Eq. (16), that is to say for the flow of @adus
suspension, we obtain a pressure drop of 0.011iNd#@ad of 0.22 MPa. It means that we no longee lzasuspension
flowing in the capillary, but a less concentratadpension flowing through a jammed skeleton ofipiag forming a
porous media. Although it is not related to a jamgrtransition, this phenomenon is well known inresion of pastes
where a plug of solid particles is formed and theitl of the suspension filtrates through this pmrplug (29), (30). It
was also studied in suspensions of PMMA partjckéth a suspending liquid of about the same otifve index in
order to visualize the flow, which was sucked iesidsyringe (31). If instead of a viscous flow veagider a flow of the
suspending liquid through a porous medium maderaftaork of the solid particles ,the pressure drap be obtained
from the Carman-Kozeny equation:

3
Pm:Lp.Qzﬂ: with K= 29 (17)
P TR K 180(1-¢ ¥
K is the Carman-Kozeny constant for a bed of sjghéparticles of diameter d=1-® is the porosity angd the viscosity
of the suspending fluid. For the maximum shear, naéshave now B~=13.6MPa. This is much bigger than the observed
pressure. A possible explanation is that the jargrdimes not occur inside the capillary but rathdotteeits entrance (29),
so the superficial velocity QtR?) and the filtration pressure would be much loviremt predicted by Eq. (17) since R is

no longer the radius of the capillary. It is alsherent with the high value of the critical shestery =130 S with

respect to the one obtained in rotational geomelrigh is around 305 meaning that the jamming does not occur in the
capillary. The fluctuations of pressure observedaaistant shear rate are likely produced by trerrmttent collapse of
jammed structure at the entrance of the die asrobdén (26).

Conclusion

In this paper we have presented experimental eeshtiwing a strong discontinuous shear thickenbigined with a
suspension of carbonyl iron particles in the presesf a superplastifier molecule. The jump of straisimposed velocity
can reach more than 100kPa. The model proposdd)rcan reproduce the S-shape observed at thetloolesne
fraction, but in this model the transition is préed by a shear thickening behavior that is praltyiedsent in our
experiments at high volume fraction. Introducingkaxation timex, for the fraction of frictional contacts and tineitia
of the tool used in rotational rheometry has alldwerecover the right frequency of the oscillasiavith only one
supplementary parametar:A linear stability analysis show that the peradhe oscillations is simply related to the
square root of the product ofind of the inertia time (Eqg. 15) allowing to obtdirectly this relaxation time from the
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experimental period. The amplitude of the oscifiasi obtained with the model of Wyart and Cates (4@pears too
small. In order to reproduce both the amplitude thiedshape of these oscillations a stronger depeedef the viscosity
with the stress is needed. The jamming transiticthie suspension of iron particles is very sewusito the application of
a magnetic field and the critical shear rate desgeaguickly with the amplitude of the magneticdjédut simultaneously
the critical stress increases. Nevertheless, $ui#ract the magnetic stress to the applied oedjifference remains
constant, indicating that it is the hydrodynamiess which drives the jamming transition. We alaweehfound that this
jamming transition also occurs in capillaries arahifests itself by the building of a porous medastituted of particles
in frictional contact. The dynamics of this traimitis much slower than in rotational geometry anlikely related to the
formation of a plug at the entrance of the diett@rinvestigations, especially in the presence wiagnetic field, are
needed to understand the dynamics of formatiohisflug and the influence of the sedimentatioit®time of
formation. Depending on these results, we can ageiseveral applications based on the controleopthssure at
imposed flow rate or of the flow rate at imposedgsure, with a small magnetic field.
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Figure captions
Fig.1 Evolution of the rheology of a suspensiorcartbonyl iron particles in the presence of the RPRdlecule

Fig.2 Jamming transition for suspensions compagéan particles (red symbols), Carbonate calcparticles (solid
blue line) and silica particles (solid green line)

Fig.3a Sketch of the confined cell
Fig.3b Ramp of shear rate. Iron suspensiprG2%
Fig.4 Rheograms of a suspension of carbonyl irdh ®i2%wt of PPP44 for different volume fractions

Fig.5 Fit of the experimental rheograms with Bs(2),(3),(5)foid=0.58 (blue solid line) and=0.62 (black solid
line)

Fig.6 Ramp of stress for different amplitudes afgmetic fieldd=63%. A magnetic field of 2L0kA/m is equivalent to a
induction of 12.5 18 Tesla

Fig.7a Critical stress of the jamming transiti@msus the applied magnetic field for63%
Fig7b The critical stress minus the yield stfiesgshe same experiment than in Fig.7a
Fig.8 Increase of the field step by step at a omshear rate of 38sVolume fractiond=0.61

Fig.9 Shear rate versus time for a constant apglieess of 120 Pa and then 150Pa. Carbony uspession a®=0.62
with 0.2% weight of PPP44

Fig.(10) ®= 62% iron particles in water with 0.2% PPP44.pgRuexperimental shear rate versus applied stigkee:
Model with Eqs(8)-(9).

Fig.(11) Oscillations of shear rate at constantiaggstress.
Blue losange: experiment at 120Pa. Solid bluenioelel at 120Pa. Black dotted line:model at 150Pa

Fig(12) Comparison of two divergences of the vistyo(Eq.(2)) with either p=2 (black triangles) x4 (red triangles)
The blue triangles are from experiment

Fig. (13) Oscillating regime for the shear rate@istant applied stress;=120Pa, for different magnetic fields. Volume
fraction of carbonyl iron®=62%

Fig.(14a) Pressure versus shear rate in a capilt@ymeter. Suspension of ird¥64%. Red curve :slow increase of
shear rate (see Fig 13b). Black curve:fast incréd@&'/mn)

Fig. (14b) : Evolution of shear rate (blue curvell ®f the pressure(red curve) with time. It cormesys to the red curve
of the left figure
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