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Abstract

Discontinuous shear thickening (DST) is a phenonaserved in concentrated suspensions
where, at a given applied stress, the flow becosueslenly partially blocked and the shear
rate begins to decrease and to oscillate whenttlsssis increased above the critical one. In
this work we show that it is possible to controttwa magnetic field this abrupt transition
from a flowing state to a jammed state, using @ansion of magnetic particles coated with a
superplastifier molecule. In the case of experimemide at constant velocity, the transition to
the jammed state corresponds to a very high jungiress which can reach several hundred
Pascal for fields as low as a few kA/m. We presds results obtained in microgravity on a
magnetic powder, showing that the solid frictiortvieen particles plays a key role in the
jamming phenomenon. Keywords

Discontinuous shear thickening, magnetorheologymac suspensions, yield stress

Introduction

Mastering the flow of concentrated suspensionm®rtant in numerous industrial processes
like the spreading of cement or concrete, plap@nts and so on. In most cases an important
concentration of solid particles is required ineartb reinforce the mechanical properties of
the system after drying. The maximum packing faactivhich can flow is determined by the
shape and size distribution of the particles asd by the state of aggregation of the particles.
Actually this last factor is quite fundamental besa, even if we choose the shape and size
distribution to obtain a theoretically high volunfraction, it will not be attainable if the
particles begin to aggregate and to form looset@tasnstead of gently pack under the effect
of gravity or hydrodynamic forces. This is these@a why coating layers either made of ions
or of different kinds of molecules are used to prévthe aggregation between the patrticles.
Nevertheless even if the particles are not aggeegat low shear thanks to the coating layer,
this coating can fail to prevent aggregation athbrgshear and this will be the cause of a
sudden shear (or stress) induced aggregation wiiitiprovoke the jamming and the DST

transition. Actually this transition will happen @t the applied stress will be high enough to



overcome the repulsive force given by the coataygil so we expect that this transition will
be driven by the applied stress rather than bghiear rate. On the other hand if we add to the
mechanical stress an external one such as a magnetn electric stress, then we expect that
the critical stress can be controlled externalljsicl is quite interesting for applications
related to on/off control of a flow. In this aim weed to use either a magnetorheological or
an electrorheological suspension which shows a jagpmansition in the absence of field;
then the application of the field will reduce théical stress (and so the critical shear rate) at
which this transition will occur. We have shown \poeisly that some superplastifier
molecules used in cement industry were able to gkevthe jamming transition on
suspensions made of gypsum particles or of calciaronate particles (Neuville et al., 2012)
and very recently we have demonstrated that, usiagsame molecule with carbonyl iron
particles, it was possible to trigger the jammiransition with the help of a magnetic field
(Bossis et al., 2016). In this paper we present esarew results which support the
interpretation of the development of a network wftional contacts given by Mari et al
(2014) and we discuss the behavior of this netwadparticles under the applied stress which
can be mechanical and/or magnetic. The first partevoted to the presentation of the
materials we have used and to the comparison ofathening transition obtained with the
same plastifiebut two different kinds of particlegarbonyl iron and calcium carbonate. In
the second part we present the effect of applyintagnetic field on the DST transition and in
the third part we look to what happen above thenjamg transition using for that a
homemade cell. In the last part we discuss theabfactional contacts between the particles

using results obtained on a dry powder.

I- Jamming transition in the presence of a supstifiar molecule.

Most of the jamming transitions reported in theeriture concern ceramic particles
(Bergstrom L, 1998), theuspension of cornstarch particles (Fall et al320Fall et al. 2015)
or model suspensions made of PMMA (Pan et al. 2@tSilica particles (Lootens et al.
2003). More recently we have found that superglastmolecules which are used in cement
industry to increase the volume fraction of mingratticles, still keeping a low yield stress
and viscosity, can also produce strong jammingsitem as reported by Neuville et al
(2012)). In this work we have used a polyelectmlyolecule with a head made of two
phosphonate groups B connected by a Nitrogen atom : and a tail madeaof
polyoxyethylene chain containing n=44 units : H-(@CH,),-N(CH,-PG;H,), that we have



called PPP44 and whose average molecular mdg=2200g/mol. This diphosphonate was
known to strongly adsorb on the surface of calcaarbonate(Mosquet et al.1997,1999).The
counter-ions of the phosphonate were sodium ions.

In the presence of positive ions at the surfacenwoferal particles dispersed in water this
molecule strongly adsorbs on the surface of theghes by ionic interaction between opposite
charges. This is the case when calcium ions agepteon the surface as, for example, with
calcium sulfate or calcium carbonate particles dab with iron particles. In order to show
this effect we have used, on one hand commerclaiuca carbonate particles (BL200from
Omya) and on the other hand carbonyl iron parti{esde HQ from BASF).

The average size of carbonate particles wagud zand the one of carbonyl iron Juh, both
sizes being obtained through image analysis ofrsngnelectron microscopy pictures. The
suspensions were made by dispersing the particléssiilled water with the addition of the
superplastifier molecule at the concentration @ of solid particles. This concentration
was found to give the lowest viscosity and yieleess in case of calcium carbonate particles
and corresponded to the coating of the surfacheoparticles by one molecular layer (Morini
2013) For the suspension made with carbonyl irotigkes we have kept the same weight
ratio and we have verified that using higher cotregion of the superplastifier did not lower
significantly the viscosity. The maximum volume diian that can still flow without
noticeable yield stress was 62% for carbonyl irantiples and 69% for calcium carbonate
particles. The rheological measurements were mada cheometer MCR502 from Anton
Paar with a plate-plate geometry. The plates weneted in order to prevent slippage on the
wall of the plates. We also used a cover and antedp in order to prevent evaporation of
water during the experiment. We report in Fig.1 stieess versus shear rate for a ramp of
stress made at a rate of 20Pa/minute which is loough to ensure that we are in the steady
sate. In both cases the jamming transition is nthlyethe apparition of strong fluctuations of
the shear rate whose average value remains apmtetymconstant when the stress is
increased and lower than the one just before #msition. The critical stresses and shear rates
of iron and CaC@suspensions are different but they have the sader of magnitude. One
can also note that the suspension of Cakkd3 a marked shear thickening behavior before the

jamming transition whereas with carbonyl iron werénalmost a Bingham lawt = T, + 1,y

wherety is the dynamic yield stress which is here a few Rascalno the viscosity of the

suspension in the absence of the field gritie shear rate.
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Figure 1. Jamming transition for a suspension of iron phes at

®=61% and for a suspension of calcium carbonate=#8%. In
both cases, the molecule PPP44 at 0.2% wt wasassadjuvant.

The critical shear stress of about 100Pa was alnmapendent of the volume fraction

contrary to the critical shear rate which decreasesgly when the volume fraction increases

as can be seen in Fig.2. Also the yield streseasas with the volume fraction. Actually the

molecule PPP44 is less efficient in reducing tleddystress on iron particles than on calcium

carbonate ones where we can reach a volume fraofi@®% still keeping a yield stress

below 5 Pascal
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Figure 2. Evolution of the jamming transition with the volanfraction of
carbonyl iron particles



A comparison of the jamming transition at the sarokime fraction for iron and CaCO3
particles is not possible since the jamming tramsionly appears abov@=63% for CaCQ@
suspension and the suspension of carbonyl iron woEedow at all at this volume fraction. In
any event the presence of a residual yield stressra field does not prevent the existence of
the jamming transition and consequently the poésilio control this transition with the

application of a magnetic field.

|1-Effect of the magnetic field on the DST transition

It is well known that usually, in magnetorheologisaspensions (MRS), the stress increases
with the applied magnetic field ,following approxately a Bingham law :

o=n,y+71,,(H) whereng is the plastic viscosity antd,(H) the yield stress. At low to
moderate fields the yield stress increases contislyowith the field and the theory of

interaction between two ferromagnetic particlesdimts that 1, (H) O ® p, MY?H®'?

(Ginder et al 1996). whergy =4rt10’, and M is the saturation magnetization (for iron
Ms=1.6 16 A/m). This law is quite well verified experimeritafor volume fractiond®<0.4
and at low to moderate field. At higher field (B30T) Jiang et al (2015) have found that,
besides the usual yield stress, a sudden incréaseess was observed at a shear rate close to
0.1 s' and for a volume fractio®=0.3. Also, Ulicny et al (2010) found that addingart of
non-magnetizable particles to magnetic ones wittotal volume fraction®=0.45 could
notably increase the field induced yield stresss Tjuite surprising observation can also be
explained by a jamming phenomenon (Klingenberg,620th our case and thanks to the use
of the superplastifier molecule the volume fracti®smuch higher and, as we have seen in the
previous section, the rheological curve shows amarg transition even at zero field. We
have done some experiments at imposed shear rateewke increased step by step the

magnetic field.
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Figure 3. Evolution of the stress when the magnetic fielcthiseased
progressively with time; the shear rate is keptstant either at 20s
(blue curve) or at 5%black curve). The volume fraction is 62%

The resulting stress is shown in Figure 3 for tvatues of the imposed shear rayes 20s™

andy =5s". The magnetic field is increased step by step witinst step from 0 to 450e, and
then 18 Oe at each step. At 2ake increase of stress is quite low from 58Pa=A td 76Pa

at H=810e, then at the next increase of magnetid fwe have a jump of stress to 12000Pa,
which with our geometry -a disk of diameter 4 arofresponds to the maximum torque of
the rheometer. At 5swe observe the same kind of behavior, exceptttiejump of stress
occurs at a higher field: 189 Oe <H<207 Oe. Whenittiposed shear rate is close to zero, the
stress which is measured is the yield stress dmd yield stress presents also a jump at a
critical field H=225 Oe (18kA/m) which is high#tan at 53.

We see that the application of a magnetic stresfibates to decrease the critical shear rate
at which the jamming occurs. This is quite undemdédle since the magnetic stress is an
attractive one which, together with the hydrodyrmamsiress, will compress the particles
against each other and produce the frictional asitdespite the repulsive force coming from
the coating layers of PPP44. The value of thecalitshear rate versus the applied magnetic
field is plotted in Figure (4) for two different kone fractions of carbonyl iror®=0.6 and
$=0.62 .
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Figure 4. Evolution of the critical shear rate with theldie
for two volume fractions of carbonyl irab=0.6 and
©=0.62

The decrease of the critical shear rate is appratdly linear with the field with a slope which
increases when the volume fraction decreases. Timeserepresent the boundary between a
classical MR fluid which can flow if the stressabove the yield stress -this is the domain
below the boundary- and a domain above this boynahere the suspension is jammed. The
graph of Figure 4 was obtained by setting the stedarat a constant value and increasing the
field until we obtained the jump of stress. It Gso be obtained by doing a ramp of stress at
constant field and in this case we record thecaiitshear rate which is the one above which
we have a decrease of shear rate and an oscill&gmme as shown in Fig.2. This oscillation
regime above the jamming point was also found with calcium carbonate particles.
Actually if, instead of a ramp of stress, we apalgonstant stress and record the shear rate

versus the time we observe a regime of regulatlasons as shown in Figure.5
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Figure 5. Regime of oscillation of the shear rate for a tamis
stresso=120Pa and a constant field H=1170e. The red curve is
the normal force reported on the left axis



These oscillations are characteristics of a kindstidk-slip behavior with an asymmetric
shape made of a progressive increase of sheaiotimeed by an abrupt decrease during the
jamming phase. It can even present a negativenpaaning that the upper plate is rotating
back a short moment after the jamming; this quitgising observation is very likely related
to a coupling between the inertia of the tool amelelasticity of the fluid which appears above
the jamming point. The triangles in Fig.5 repredaetevolution of the normal force, which is
constant and slightly negative except during atstiore of 0.01 to 0.02s where we have a
positive peak of normal force. A possible interptiein is the following: in the jamming
domain, the stress is high enough to induce aianaggregation on the compression axis so
the percolating network of the frictional contadsformed progressively (the period of the
oscillations corresponds to a strain of a few esjtiand reaches the size of the cell. At this
point the systems is jammed and the shear ratedegidecrease , but at the same time, the
inertia. moment of the tool is transferred as a fmppntary stress on the suspension which
will still contribute to push the particles agaimstch other and to sweep the polymer out of
the surface until they come in solid contact. Whias particles are stopped, the lubrication
flow between the surfaces no longer exists, sqtigmer can come back inside the contact
zone and separate again the surfaces, hence tgeegsive rupture of the contacts and the
beginning of a new cycle. The peak in the normatdas obviously related to the sudden
formation of the percolated network when the shieace is large enough to repel the
polymer. The fact that it immediately drops indesatthat this percolation induces a
rearrangement of the particles which break in a fdaces the percolated network. The
interplay between the percolation of a frictionatwork of contacts and its desagregation due
to the reversibility of the adsorption of the poblmat low shear can then explain qualitatively
these oscillations.

When we still increase the stress the suspensids @mto be gradually expelled from the gap
between the disks. Actually it is not due to irertorces but to the radial stress which is
developed when the network of particles in conimbébrmed; the particles are pushed outside
the liquid when this radial stress becomes larigan the capillary pressure: yWewherey is

the surface tension of water: 73mN/m and r theusdif the particles or of an aggregate of
particles (Cates et al, 2005). It happens in argnageometry and the only way to prevent the
progressive exit of the particles and the foamintha surface is to use a sealed cell at the

price of a residual friction on the O'ring.



Il Rheological behavior at high stress in the jagdndomain

We have designed a new rheometer with a cell wisicdealed by a Teflon ring in order to
prevent the expulsion of the liquid at high str@3e velocity is controlled by a stepper motor
and the torque is measured by strain gauges moont#te rotating axis, this is a commercial
rheometer developed by CAD Company, mainly forrtienlogy of concrete. The maximum
torque is 10 N.m that is to say 30 times more thsuml rheometers. The concentric rotation
of the tool is ensured by a double ball bearingorber to prevent the suspension to slip we
have used for the rotating part either a vane modaldouble helicoidal ribbon ((Ait-Kadi et
al, 2002)
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Figure 6. Suspension of carbonyl iron in watedat62% with
PPP44 as adjuvant. Three successive ramps of iglieam the
same sample at zero field

The external cylindrical cage has regular stripedepth 0.2 mm also to prevent the slipping
on the walls. The external diameter of the toots @sth of 24mm and the gap is 2 mm.With
this rheometer we can explore much higher strgsz$o 50 kPa with our cell (a mechanical
safe guard limits the torque at about 8 N.m). lguFe 6 we have reported the stress obtained
at zero field during a ramp of shear rate for thmeecessive experiments. We see that the first
jamming transition is quite reproducible and occarsa shear rate between 18 and 20 s
After a maximum stress between 75 and 100kPa, tlessscomes back to zero and then
increases again at a still higher value when tlearshate is increased. In this regime, even at
constant shear rate above the critical one, we bae#lations of the stress from very high
values to zeraneaning that the network of frictional contacts basak at high enough stress
but will reform later on. Now, if we apply the maaiit field, which is parallel to the axis of
rotation of the tool, the jamming behavior is qudiferent. For instance we have plotted in
Figure 7 the results obtained in the presence miagnetic field. A ramp of shear rate was



applied at t=0 and the maximum shear rate, heré, 1ss reached after 7s. The upper curve
was obtained with the helicoidal tool and the lovese with the vane tool on the same
suspension of carbonyl iron in water at a volunaetion of 61% and with 0.2% in weight of
PPP44 relatively to the mass of iron. The first @amant observation is that, contrary to what
happen at zero field, the jammed state persistsaabdhe suspension continues to be sheared
at the shear rate of I§sresulting in a high stress (around 150kPa) wiiscimaintained
despite the low value of the magnetic field. TlEsto be compared to the maximum yield
stress of MR fluids which is usually around 50kPat Bor much higher fields of
approximately 50000e.
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Figure 7. Stress versus time for carbonyl iron suspengief1%.
Upper curve: double helix geometry; lower curvene/aggeometry.
Ramp of shear rate from 0 to 108 7s. The field is applied before
starting the ramp.

The second point is that the helicoidal tool gimdsgher stress for a field which is two times
less than with the vane tool. Actually the vand te@quivalent to a cylindrical one made of
the suspension since the part inserted betwedsldles is driven in the same way as if it was
a solid. On the other hand the helicoidal tool gimemore complex flow, since it pushes the
suspension along the axis of rotation producingekfiow in the gap which superposes to the
shear flow. It is possible that the jamming of thégondary flow is easier to obtain and then
contributes to lower the critical field. The stre$s150kPa is not at all the highest one that we
can obtain, but we are not able to measure itghtdnifield due to the torque limitation on the

motor.



IV discussion of the mechanism of jamming

We have seen the very important role of the supstifiler molecule since it allows to
increase the volume fraction of carbonyl iron up62% by preventing the particles to
aggregate in the presence of the Van Der Waalgdgoi€ we try to densify the carbonyl iron
powder, by tapping the bottom of the container,shall reach at most a volume fraction of
42-43% with the same particles. Nevertheless inisresting to look for the rheological
behavior of this powder. This is not possible omomventional rheometer since, due to
frictional contacts, the suspension dilates if se &a cell with a free boundary. This is not the
case with our sealed cell, so we have made someriengnts to characterize the rheological
behavior of the powder. As sedimentation can atsutribute to skew the results we took
advantage of parabolic flight offered by the CNBSheck the effect of the sedimentation.
The duration of a parabola is 22 seconds; the fielturned on at the beginning of the

parabola and a constant shear rate is set 7eektbdmicrogravity period at a value of 11 s
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Figure8. Stress versus time at a constant shear ratesofvlith
the vane geometry in microgravity experiments
upper curve: H=240 Oe; lower curve H=0 .

The result is shown in Figure 8 at zero field ahd &eld H=2400e which is turned on at the
beginning of the microgravity period. We note thiat,the absence of field, the stress is
already quite high: 8kPa and that we have a stasgjjlation of amplitude ~7kPa which
almost disappears during the microgravity perioke period of this oscillation corresponds
to the one of the rotation of the tool and comkslyi from a lateral oscillation of the tool
provoked by a slight difference of density betwé®s upper and lower part of the horizontal
cell. In granular media the stress is proporticiwathe square of the shear rate and to the

square of the diameter of the particles (Bagnoldig). With this volume fraction, in the



collisional regime it should be a stress smallantiPa (Bossis et al, 2004) but instead we
find a stress of 8kPa and which does not depemntdfis@ntly of the shear rate. This indicates
that the measured stress is not a kinetic one edllay the collision between particles but
comes from the solid friction between particles athiform transient networks of solid

contacts between the two walls of the cell. In ptlwerds, due to the small diameter of the

2v,2

dvy
T

particles, we are in a quasi-static regime with $is&¥age numbes = P less than 10

(Lu et al, 2007) where, is the density of the particles and d their dianei this situation
we see that the magnetic field is very efficientrobilize the friction between the particles
since we have an increase of 32kPa for a field4df @e. It is interesting to compare this
increase of frictional stress due to the applicatid the magnetic field to the one which
would be obtained in the absence of solid fricti@tween the particles. In this last case the
magnetic stress is the yield stress of a suspemsianvolume fraction of 42% and for a field

of 2400e. Using the model of Ginder (1996), whickllwapplies to particles of high
permeability at low field, we have, =6 ® p, MY?H¥? where M is the saturation

magnetization angig=4m 10°. Taking loMs=2T for the saturation magnetization of iron we
obtaint,=403 Pa for H=240 Oe, this is about two orders agnitude less than the observed
increase of stress. It then appears that thednatistress resulting from contact forces when
the suspension is sheared at constant volumedraddiamplified by the application of the
magnetic stress and the total stress is much l#ngerthe addition of the frictional stress and
of the magnetic stress. This amplification can lheught to be a kind of ratcheting effect
where the attractive magnetic field contributedblimck the network of particles in surface's
asperities preventing them to slip on each other. We cder ifrom this experiment on the
powder that the same mechanism is acting on thesuggtension, but it is amplified due to the
higher volume fraction obtained thanks to the u$esuperpastifier molecules. A better
understanding of the jamming process in the presaricsuperplastifier molecules should
require the measurement of repulsion forces betywedmer layers adsorbed on particles, as
already done with AFM (Taunton et al, 1988), (Kle@hal 1994) in order to get a better

information on the force needed to sweep the palgroet of the contact zone.
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