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microstructure evolution through the shear thickening transition
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The shear induced microstructure for electrostatic and Brownian suspensions are comparid using
situ small angle neutron scatterif§ANS). The dispersions consist of 75 nm Béo silica coated

with 3-(trimethoxysily) propyl methacrylate(TPM) and have a zeta potential of42.6

+4.7 mV. Neutralizing the surface charge with 0.086 nitric acid yields stable hard-sphere
dispersions. SANS is conducted over a range of shear rates on the charge-stabilized and Brownian
suspensions to test the order—disorder transition and hydrocluster mechanisms for shear thickening,
and demonstrate the influence of stabilizing forces on the shear induced microstructure evolution.
Through treatment of the colloidal micromechanics, shear induced changes in the microstructure are
correlated to the hydrodynamic component of the shear stress and the thermodynamic component of
the normal stress, i.e., the method of “Rheo-SANS” is developed. The results demonstrate that
hydrocluster formation accompanies the shear thickening transitior20@ American Institute of
Physics. [DOI: 10.1063/1.1519253

I. INTRODUCTION persions. However, SANS measurements on shear thickening
polydisperse suspensions by Laun and co-workansl hard
Shear thickening can occur in colloidal dispersions subsphere§!? clearly demonstrate that the ODT is unnecessary
jected to strong viscous flows and is accompanied by a rapibr reversible shear thickening, in agreement with simula-
or even discontinuous increase in viscosity. It is thought thagjgng 114
the often large and sometimes discontinuous changes in vis- The hydrocluster mechanism for shear thickening pro-
cosity are driven by substantial changes in suspension micrgspses that shear thickening is a consequence of a shear-
structure. Two causes of reversible shear thickening havgdyced self-organization of the particles into stress-bearing
been proposed: The order_—dlsolgder transiODT)' ™ and  cjysters. This self-organized microstructure is thought to be a
the “hydrocluster” mechanisrfi-** The latter consists of a consequence of the dominance of short-range hydrodynamic

shear-induced self-organization of the colloidal microstrucy,,ication forces whereby the flow generates transient
ture under the influence of short-range hydrodynamic lubri- :

ion f h ¢ dor—disord h hi %acked clusters of particles separated from one another only
cation forces. The argument for order—disorder s ear thic y a thin solvent layer. Percolation of these hydroclusters
ening supposes that at low shear rates~Pg colloidal

. o : - leads to “jamming,” or the discontinuous, often erratic in-
particles organize into layers or strings resulting in a lower

viscosity than would be obtained for a flowina. disordere dcrease in shear viscosity at a critical shear stress. Evidence
Y lowing, ._for the hydrodynamic basis of this phenomenon is provided
suspension. However, as the shear rate is increased, lubrica-

) . 5 . .
tion forces between neighboring particles in the highly 0rga-mye;r;ifé(;félsggﬁﬂe:g;iﬁi Zl:r(]jalT t;ssigu:;p trheologltct:al_
nized, layered flow induce the particles to rotate out of align- ) j gt utron scatter
ment and destabilize the flow. Hence, the viscosity of the"9 (SANS measurement_s of t_he §hear mduce_d microstruc-
suspension increases due to an increase in interparticle imetlgre.support that' shear thickening IS gccompanlgd by the.for-
actions in the flowing, disordered state. Experimental evi_matlon of a microstructure qualitatively consistent with

iR 7,13,18-21
dence for an order—disorder transition accompanying shedpdrocluster format|oﬁ.. However, the SANS mea-
thickening is provided by small angle light scattering bysurements demonstrating a lack of an ODT at the shear thick-

Hoffmari—2 and some of the small angle neutron scatteringening transition have been criticized because measurements
measurements by Laun and co-worRees charge particle performed in the flow-vorticity plane may have missed tran-

suspensions. Within this framework, Hoffm&# and later sitions or melting of planes of particles oriented in the flow-
' ' ' .y 12
Boersma and co-workefsformulated physical models for Vorticity plane== o _
shear thickening based on the balance between interparticle Finally, simulation predictions by Bossis and Bratiys-
and shear forces to predict a critical shear rate marking th#d the method of Stokesian Dynamics, and later by Boersma

onset of shear thickening for electrostatically stabilized dis2nd co-workeré,and Melrose and co-worket§;"***provide
computational evidence of the hydrocluster mechanism,

whereas the statistical mechanical theory of Brady and
dCurrent address: PPG Industries, Pittsburgh, PA. 822,24 . . y y
YAuthor to whom correspondence should be addressed. Electronic maiF::O'WOrker ) provides an_ understanding of the r_mcro'
wagner@che.udel.edu structure resulting from the singular nature of lubrication hy-
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drodynamics. Thus, in the hydrocluster mechanism for sheaABLE |. Particle characterization summary: Diameters from TEM, DLS,

thickening, the layered or string formations are not necessaryNS: the rotational diffusivity from DLS, density from drying and solution

for shear thickening to occur. Bender and Wadnb'telrose ensitometry,{-potential from electrophoretic mobility, the inverse Debye
25 . ) 6 length times particle size calculated @t 0.5.

and Ball”®> Mewis and co-worker§® and Maranzano and

Wagnef’?® have successfully developed and tested models HS75
for preQicting the critical stress marking the qnset of shear drey (M) 7573
thickening based on the hydrocluster mechanism. doLs (NM) 88.8-0.8
The goals of this work are two-fold: to measure and  dgays (nm) 71.0+7.0
quantify the underlying three-dimensional microstructural Ima;or/ITmor 1.07+0.06
transitions driving reversible shear thickening usingsitu 0,(s7) ” —100.5£1.0
small angle neutron scattering on well characterized suspen- °5°: (g(/clcn)?) ﬂig'g;
sionslof wegkly chg_rge-stabillized, and near _hard s_phere in- gp(?:i';’) ¢ a26e47
teracting Stber silica particles; to exploit statistical- xa(¢$=0.5) 13.2:1.3

mechanical theories linking microstructure to the mechanicat
stresses with the three-dimensional microstructure SANS
measurements to develop a Rheo-SANS experiment. The

particles chosen for study here are sufficiently small (75(reagent grade Aldrichp=1.054 g/crA, n2D°:1.4512, P

+7.3nm in diameter determined by transmission electron. g 44 cp), py repetitive centrifugation and suspending. The
microscopy measurememtsuch that_the. flrst-ne|ghbor cor matching of the refractive indices minimizes the attractive
relation peak in the structure factor is within the wave VeCtordispersion forces, such that the resulting suspensions are

range of SANS experiments. Furthermore, extensive, indegeakly charge-stabilized. To study the shear thickened mi-
pendent characterization of the particles and their interactiop,ostructure of hard sphefée., Brownian suspension, the
potential permits quantitative comparison with theory andremaining unreacted silanol groups are neutralized by adding
simulation. The influence of particle interactions on theaqueous nitric acidFisher Scientific, normality 15.8) as
mechanism of shear thickening is investigated by ne'“'tra"z'suggested by Philips¥. These are denoted as “charge-
ing the weakly charged particles. This investigation probeseiralized” dispersions. Measurements on dilute dispersions
the evolution of the suspension microstructure beginning, THEEA using a Brookhaven Zeta-PALS instrument are
from the equilibrium structure, through shear thinning, into ,seq to demonstrate the that a solvent molarity of 0066

tht(?l sr]:ear :]hmkerr:lmlg(; rgglm?rrt]o vernz tge me::hamsm FeSPOMsitric acid results in no detectable electrophoretic mobffty.

siole Ofrﬁ ear.t Ickening. e_met 0 emp.olys tévo ZrOJIec- Characterization of the dispersions is performed through

tions of the an|sotrop!c scat.tenr(ge:, tangential and ra 'h a variety of experimental techniques. The particle size distri-

to resolve the three-dimensional microstructure of the d'SperE)ution (PSD is determined and verified through transmis-
; 29

sion. Rece,”t yvork by Watgnalm al™ employed the.same sion electron microscopyTEM), dynamic light scattering

SANS projections with a different approach to partially re- DLS), and small angle neutron scatterit®ANS) measure-

construct the three-dimensional microstructure. Here, thes ents. DLS measurements at varying scattering angle con-
tw((j) S@PIS spectra u?derf flow a:]re _qu?nr;uﬂed in terms of ™firm the TEM results, showing the particles to be spherical.
reducible components of a spherical harmonic expansiony,q particle density is measured from solution densitometry

IHISSENERIES SrECONSIFCHONNOISOMENISimS ofNihe threeémd dilution viscometry experiments. Solution densitometry

dimensional spherical harmonic expansion. The relev"’mﬁﬁeasures the SiQdensity, whereas dilution viscometry esti-

components are then correlated to the hydrodynamic portio ates the density based on the hydrodynamic size of the
of the shear stress in the suspension to provide evidence B

rticles. Volume fractions are calculated from drying ex-

:E.e k'”cfeaseﬂ']?‘ hydrotqlty r;am|c strests.,tes;' accg?pagﬁr’llgs‘qheﬁ‘ériments, where the densities from solution densitometry
Ickening. This constitules a quantitative Rneo- €Xare used to convert the weight fractions to volume fractions.

periment, in _dlrect analpgy to the method of Rheo'Opt'CSFurther details of the particle characterization are discussed
These flow induced microstructure measurements can b@lsewheré7'28These results are summarized in Table |

used to critically test theory and simulation results.

In situ small angle neutron scattering measurements are
performed at equilibrium, and within the shear thinning and
shear thickening regimes on both the unneutralized and neu-
tralized dispersions. The scattering data is obtained at the

A detailed discussion of the particle synthesis and disNational Institute of Standards and Technolo@yST) in
persion characterization can be found in Ref. 27, so only &aithersburg, MD on a 30 m SANS instrument using thermal
brief description is presented here. The silica dispersions aneeutrons wih a 6 Awavelength and 14.7% half-width trian-
prepared via the Sher synthesid®—32where seeded growth gular dispersity at a sample to detector distance of 12 m,
is used to obtain the desired particle size. The reaction issing 1 mm sandwich cells and a couette ¢&0 cm DIN
terminated by adding a stoichiometric quantity of a silaneand 0.5 mm gapattached to a stepper motor for static and
coupling agent, 3Jtrimethoxysily) propyl methacrylate flow measurements, respectively. Figure 1 shows the scatter-
(TPM), which eliminates mos{>98%), but not all, of the ing geometry for both on-axi@adia) and off-axis(tangen-
surface silanol group®:® The particles are resuspended in tial) scattering configurations. During tangential measure-
an index matched organic solvent; tetrahydrofurfuryl alcoholments a 1.0 mm slit is used to culminate the beam through

IIl. METHODOLOGY
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The microstructure expansion has been quantitatively re-
lated to the hydrodynamic and thermodynamic stresses,
which is the basis of Rheo-optics as well as Rheo-SANS.
Note that in a colloidal dispersion, the hydrodynamic stresses
arise from solvent mediated coupling that is purely fluid me-
chanical in origin, whereas the excluded volume and colloi-
dal interactions(i.e., DLVO forces arise from steric and
other forces electromagnetic in nature. This distinction is im-
portant as the forces scale differently with suspension prop-
FIG. 1. Geometry of SANS scattering experiment. Note that because of therties and the applied flow. Distinguishing between the hy-
very small scattering angleft-1.4%), qy,~0 for radial andqy,~0 for  groqynamic and thermodynamic contributions to the shear
tangential scattering. . . . . L

stresses is central to resolving which of the forces is driving
the shear thickening transition. The component of the shear
stress arising from hydrodynamic interactions can be calcu-
the gap in the couette cell. The measured intensities are réated from the spectroscopically measured microstructure us-
duced and put on an absolute scale following standard prdng Eq. (3):%¢%7
cedures. Since the couette cell is not equipped with a torque . c
transducer, rheological measurements are conducted in ad- -5 4, 2 2, >
vance on a Bohlin controlled stress rheometer. The rheomfhydm( NiZyu=1+ 2 ¢+ ) +2.7¢%+ 2 ¢\/;
eter has a torque range of 0.001 to 10 mNm with a torque
resolution of 0.0002 mNm and an angular deflection resolu- Xf
tion of 1.6 urad. The data reported here are produced with:
20 mm-4°, and 20 mm—1° cone and plates. The viscosity is

4
B&o(q;y)(za<q)+ 1—5§0(Q))

measured during stress sweeps from 0.5 to 4700 Pa then FBY (g 2 4 \/g
returning to 0.5 Pa at 20 logarithmically spaced points. The 2,09;7) 3\/5,3((1) 15 V7 62(0)
sample is given 10 s to reach steady state at each applied
shear stress followed by averaging the viscostly for 20 s. L [2v2 \F

The changes in the microstructure are qualitatively illus- +ByA0; 7)(@52(Q)+ 1—5,3(Q)

trated in a series of 2-D surface plots, in addition to a more
guantitative assessment by circularly integrating the 2-D data
weighted by trigonometric functions. The integral is evalu-
ated numerically as a Riemann sum over the detector pixels,
In the above equationy,, is the hydrodynamic com-
Al(g)= irw(l(q 6:3)— | o 0; 7= 0))cog nO)d; ponent of the shear streggsjs the shear ratey is the solvent
27 Jo " e ' viscosity. The functionsx(q), B(q), £,(q), and&,(q) are
hydrodynamic functiori that are not dependent on the de-
n=0,1,2,... . (1) formation rate, but are only known for the limit of pairwise

. ] ] additive interactions. However, calculations show them to be
The integration of the SANS data over the azimuthal angleyt short range, weighting the microstructure most signifi-

weighted_by harmonics of thg cosine proyides a metht_)d t‘?:antly fOr 4< Qmay, With e the location of the first peak in
detect anisotropy and determine any special symmetry in thg

¢ - q- Furthermore, the hydrodynamic weighting functions
scattering, such as the six-fold symmetry expected for Olsmphasize changes in the=2 components over the=0

dered latices. This is also motivated by the ability to qua”ti'components of the expansion. Consequently, aoerelate

tatively compare experiment with theoretical predictions ofio change in the hydrodynamic stress to the microstructure
the microstructuré*® as

Deformations in the dispersion microstructure can be
guantified with an expansion in spherical harmonics, as illus- ) ) e . )
trated previously® The irreducible tensor components have Thydrd ¥)~C2yu fpeak(Bz,O(q' V) +B2a;y))g7dg,  (4)
scalar coefficients containing the dependence of the micro-
structure and scattering on wave vectqy that are denoted where the proportionality constai@ would be termed the
as[B(T’m)(q)]. These coefficients are functions of the shearStress-SANS coefficient in analogy to rheo-optics. This co-
rate, which is suppressed in the notation for clarity. Hére, efficient includes hydrodynamic coefficients that weight the
m refer to the indices of the spherical harmonics. integrals, as well as prefactors that include the volume frac-

+...|g%dq. 3

Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



10294  J. Chem. Phys., Vol. 117, No. 22, 8 December 2002 B. J. Maranzano and N. J. Wagner

tion. Based on calculations valid for hard-spheres, we esti- E T
mate this coefficient to be of the order of magnitude of4.0 F 4 ® ¢=5
In the above, the harmonics coefficient&g«(q;?¥), N g if‘s‘g 1
B54(a;¥) andB; 4q;¥), are calculated from the following 10°F A ¢;:43 3
equations, which are derived in the Appendix: R
000 4 A . .
~~ [¢]
7 @ 0 3
Boddi¥)= 3~ Sed @) g ° s
[— [ o® Q0o .
X (2W0,radial"_ +W0,tangentiaﬂ' 2VVZ,tangentia) -1, 101 - °o 3‘0 o, 8 _
- [e) r
(5) AAAAAA °‘é’ obﬁooog :
R L3N A A [N X .‘ a
N 2 Casnlip S
BZ,O(q;'y): 2 ?Seq(q) [ IOV
-1 PP PRI EEPEPRTITT B ¥ EEPEITT ¥ EETEPETITY BT
- 4 10 -3 0 3
X ?Wo,radial"' §W0,tangemia1+ §W2,tangentia , 10 1'0 10
y (s

(6)
FIG. 2. Viscosities plotted against applied shear rate for the unneutralized
(filled symbolg and neutralizedopen symbolsdispersions at two particle

187 : ST )
Bi(q;y)=2\/-=S Wo oo 7 concentrations ¢= 0.5 and¢=0.43). Each viscosity measurement consists
220:7) 15 ed ) Wa radial ™ of data recorded during ascending shear stfesger curviand descending

shear stresflower curve.
In Egs. (5-7), B(T'm)(q;'y) are the structure factor compo-
nents obtained under she&;q;y=0) is the equilibrium
structure factor, and th@/s are the integrals of the ratio of b * N
the nonequilibrium to the equilibrium scattering intensities, qflocf (B2 A4 Y) \/EBZ'O(q’Y))q da,
weighted by cos(¢), and integrated over the azimuthal

angle as W, f (B3.40; %)+ 8B ¢0,%))q? dg. )
I 1(a,¢;7) Here, W, are the normal stress difference coefficients and the
Wh= cogng) ——qd¢ 8 L ;
2 ledQ;¥=0) proportionality constant will not be the same as for the shear

_ stresses, as these components are due to the thermodynamic
Whadial 8Nd Wiangential COITespond to weighted patterns takenand not hydrodynamic contributions. The reader is referred

from radial and tangential scattering, respectivéig. 1. to the original publication for a detailed explanation and
Note that we use the measured equilibrium structure facderivation of the equatior.
tor [Sedd,P) =lefd, ) dled ;s Daitte) Paie] N the Finally, we note that the two SANS projections studied

above equations. Due to the paucidispersity of our dispemere, because of the approximation of small angle scattering,
sions, the chromatic dispersion in neutron wavelength, angdo not enable reconstruction of the important microstructure
the detector and instrument resolutions this meaSlS&ld Componensgl(q; y)’ which is linked to the direct, interpar-

will not be precisely equal to the actual structure fadt@., ticle contribution to the shear stress. Measurements of this

the “thermodynamic” structure factp® However, optimi-  component are possible by flow-small angle light scattering,
zation of the experimental configuration and the colloidalas shown previousR#

dispersion have been made to minimize these “smearing”
effects. Thus, although these stress-structure relations AR RESULTS
valid for monodisperse suspensions and for desmeared scat-
tering spectra, we neglect the influence of paucidispersity Figure 2 compares the reversible shear thickening of the
and instrument smearing as they are relatively minor effectsinneutralized and charge-neutralized dispersions at two par-
for our measurements and we are correlating changes in miicle concentrations ¢=0.5 and ¢=0.43). Upon charge-
crostructure with changes in stress. neutralization the low-shear rheology changes qualitatively
Stokesian dynamic simulations by Brady andand a Newtonian low-shear plateau becomes evident. This is
co-workers® and solutions of microstructural evolution a consequence of decreasing the effective particle concentra-
equation®*! have also made predictions for the componention due to the removal of the weak electrostatic interactions.
contributions to the normal stress differences for hard spherBurthermore, the concentrated dispersions exhibit some hys-
suspensions through the shear thickening transition. To deeresis, where the viscosity is higher for data recorded during
termine the evolution of the normal stress differences, we usthe ascension of the applied shear stress than for that re-
the following equations to semi-quantitatively predict the thecorded during the descension of shear stress. This is particu-
first and second normal stress differences arising ftioen-  larly evident in the neutralized dispersions, where the de-
modynamidnteractions from the measured changes the micrease in viscosity upon return from high shear rates is
crostructure(see Ref. 38 thought to be a consequence of breaking down small floccu-
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lates arising from the very weak van der Waals interactions.
The presence of very weak van der Waals interactions is
suspected because of the slight visual turbidity of the suspen-
sions. However, these interactions are much smaller in mag- 10’ 3
nitude than the electrostatic interactions of the unneutralized i
dispersion. If the dispersions are allowed to equilibrate after 10°F
shearing, they are observed to recover to their pre-sheared ~ i
viscosity and give very reproducible flow behavior. There is

no evidence of any shear-induced aggregation for either dis-
persion, indicating they are inherently stable. More extensive .
rheological studies of these and similar dispersions with =

varying particle size and concentration can be found in Refs. fe  ¢=0.51 0 M HNO, = ]
27 and 28. 10°km  ¢=0.450MHNO, et

Fo  $=0.49 0.066 M HNO,

)

I(cm
—
olll
il

Figure 2 also demonstrates the shear thickening in both i
dispersions is reversible, with hysteresis evident only at low 1%2 0 ¢=0.430.066 M HNO,
applied stresses and at the highest particle concentrations 00 0.01 0.02
for the charge-neutralized dispersions. However, observe that q (A'l)
the shear thickening transition for the charge-neutralized dis-

. . FIG. 3. SANS spectra comparison between the unneutraliiéetl sym-
persions are shifted to lower stresses as compared to thy P P : Y

S and neutralize open symbo Ispersions at two partlce concentra-

, _ _ re UbGls) and lized bolsdispersi icl
unneutralized dispersions. The critical shear stresses markifgns (¢=0.5 and$=0.43). The solid lines represent the fits assuming a
the onset of shear thickening are lower for the neutralizedukawa potential and hard sphere potential for the unneutralized and neu-
dispersions f,~170 Pa) than for the charged dispersions@/izéd suspensions, respectively.

(7c~750 Pa). This result has been shown to be quantita-

tively predicted from consideration of the incipient forma- ill be abl d .
tion of hydrocluster$’?® In the hydrocluster mechanism we will be able o detect microstructure rearrangements on
' the scale of nearest neighbor distances.

for shear thickening, the formation of hydroclusters is pre- Figure 4 shows the radial and tangential SANS for the
dicted to occur when the compressive hydrodynamic forceg . iralized dispersion within the shear thinning (

dominate over the stabilizing repulsive forces. For the_ 100s %, top plots and shear thickening=7000 s *,
unneutralized dispersions the magnitude of the electrostatigom plots regimes. Note that because the shear-induced
repulsive force acting between two particles at these concenyicrostructure distortions are quite small at these high con-
trations is calculated to be approximatelkgT/a, whereas  centrations as compared with the equilibrium scattering, the
the Brownian force between the neutralized dispersions igans patterns plotted have a low shear pattern subtracted
only about half of that |Fgouniad =3 ksT/a) at the same g 1(y)—1(y=1s1). The low shear rate pattern was

concentration. The reduction in the repulsive force uporfoyund, to within measurement accuracy, to be identical to the
charge-neutralization decreases the shear stress required to

generate hydroclusters and therefore, shear thickening is ob-

served to occur at lower shear stres@® shear ratesThis Radial Tangential
result is also in qualitative agreement with the simulation . S G W
predictions of Melrose and co-worket$*who demonstrated ~ 2x10* ] 7 =100s" y =100s"
that the addition of a conservative repulsive fofegthout 1x10* | 2 : b

any modification of the lubrication stres(esippresses the

onset of shear thickening. 0x10*
The static SANS spectra of the unneutralized and _j,qg¢
charge-neutralized dispersions are compared in Fig. 3. The
lines are predictions of integral equation the@@rnstein—
Zernike with Rogers—Young closyresing the Yukawa po-
tential for the charge stabilized dispersions and a hard spher 2x1047 "
potential for the neutralized dispersion. Satisfactory agree-
ment for the measured and predicted structure factors is ob b
served, validating the particle characterization. Both scatter- o
ing curves for the neutralized dispersions show much less
structure (smaller primary peaksthan the corresponding
scattering curves from the unneutralized dispersions. The de
crease in the amount of structure in the scattering upon ad-
dition of HNQ; is due the neutralization of the electrostatic FIG. 4. SANS spectra for the unneutralized dispersions with the spectra at
interactions that are present in the weakly charged dispegt= 1S * subtracted. The wave vector ranges from O to 0.027 A, and the
. . . . intensity ranges from-1x10"“ to 2X 10 “ (all axis on same scaleFig-
sions. Note that the wave vector range Is sufficient to INCOIyres on the left are from a radial configuration and on the right from a
porate the entire nearest neighbor correlation peak, and thushgential configuration.

Vv o

1041

-1x10*

0.027A | 0.027A
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rest pattern, and has the added benefit of averaging over th Radial Tangential
sample cell. Note that a signal of zero indicates no distortion 15000
by shear, and that negative values are permissible. For botl 10000
projections, increasing shear rate results in an increase in thi+ 54,

difference relative to the rest state. The scattering from the 2 ﬁﬁ%
radial geometry shows anisotropy before and during sheai :a,.,n?
thickening, whereas scattering in the tangential geometry % o

displays significant distortion only in the shear thickened -logg

state. This two-fold symmetry in the scattering is indicative 13 Z Yj;o a

of microstructure elongation in the flow direction. However, ~ % = o 1;10025.1

observe there is no evidence of six-fold symmetry, which & 2000 1l A y=3000s"

would occur if the suspension organized into layers of hex- § 1000 £ v y=4000s"

agonally close packed particles within the velocity-vorticity 3 ol @5 ki y=5000s"

plane!®?!Moreover, notice that there is an isotropic increase Yy > y=6000s"

in the scattering intensity near the scattering center, and sub "1606 % y=7000s" -

sequently a decrease in the scattering intensity at slightly O y=8000s" s

larger wave vectors. This shift in intensity toward smaller z 300 s’

scattering angles is indicative of the formation of larger 2 0

structures, i.e., hydroclusters. We note that these results ar ¥

in good agreement with the recent SANS studies of & %

Watanabeet al,**?°where both tangential and radial SANS 000

projections are presented for a shear-thickening dispersion. %0 j
The information contained in Fig. 4 can be conveyed 500 :;5,&.

more quantitatively and compactly by integrating the har- ‘
monic weighted scattering spectra over the azimuthal angle
at a constant wave vector magnitude. The results of the inte-
gration for SANS spectra in Fig. 4 are shown in Fig. 5,
where the data ay=1s ! has been subtracted. Thus, zero  "'®8 001 0.02 000 001 .02
indicates no change in the microstructure, while nonzero val- q@A" q(A"
ues indicate the difference to the rest state. The nonweighted o _ . .
. . . FIG. 5. Harmonic weighted, circularly integrated SANS difference spectra
cwcqlarly averaged.scattermg from .bo.th the radlal'anq ta”[l(q,¢;y)—|(q,¢;y:1s*l)] for the unneutralized HS75 dispersion at a
gential geometries illustrates the shift in the scattering intenvolume fraction of 0.5, over a range of shear rates. Data for plots on the left
sity to smaller scattering angles aroune 0.005 A. Further- are obtained from radial scattering, and the right obtained from tangential
more. notice that the shift becomes noticeable at shear rat gattering. Note that the scales are expanded for the higher harmonics due to
' . : 1 the weaker signal.
nearly an order of magnitude lesy100s *) than the
critical shear rate for shear thickening3000s ) and
continues to increase until the shear thickening regimethe unneutralized dispersions that show systematic shifts
where upon it doesn’'t change further with increasing sheathroughout shear thinning. Similarly, notice that the charge-
rate. The two-fold anisotropy is evident in both the radial andneutralized dispersions do not exhibit a detectable two-fold
tangential scattering from the cogfPweighted integration, anisotropy in there scattering in the shear thinning state, as
which also increases systematically with increasing sheéandicated by the absence of change in the data from the
rate. No changes in the four-fold symmetry from the c@g(4 cos(2p) harmonic integration. However, as in the circularly
harmonic integration is observed to within measurement acaverage data, this harmonic changes abruptly at the point of
curacy. Both the radial and tangential scattering indicate g&hear thickening. Finally, notice that there are no noticeable
very weakdegree of a six-fold symmetry from the cogj6 changes in the cos¢) and cos(@) harmonics within the
harmonic at the highest shear rates. The shifts for this hascatter of the data. The absence of anisotropy or ordering in
monic between the radial and tangential scattering are in ogsoth the radial and tangential scattering of the neutralized
posite directions, which could result from flow structuresdispersions demonstrates that the shear thickening in this dis-
similar to those seen in nonequilibrium Brownian dynamicpersion is not a consequence of an order—disorder transition.
simulations??*3 However, the shifts in the circularly averaged radial and tan-
The results of the same analysis procedure applied to thgential spectra are in qualitative agreement with the hydro-
charge-neutralized dispersion are illustrated in Figl @)  cluster mechanism for shear thickening. Furthermore, the an-
—1(y=0)). The results for the charge-neutralized dispersiorisotropic growth in the scattering in the shear thickening
are strikingly different than those for the unneutralized dis-regime correlates with ellipsoidal hydroclusters lying in the
persion. Observe from the circularly averaged scatterindglow-gradient plane and tilted into the flow direction. This is
spectra that no significant changes in the radial scatteringonsistent with the simulation results of Brady and
occur between the equilibrium and shear thinning states. Theo-workeré* and Melrose and co-worket8where they vi-
radial scattering doesn’t change until shear rates in the sheauvalize shear thickening as the jamming of particle clusters
thickening regime =100 s ). This contrasts sharply with aligned along the compressive axis.
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§ o FIG. 7. Harmonic weighted, circularly integrated SANS difference spectra
g for the unneutralized HS75 dispersion at a volume fraction of 0.43, over a
range of shear rates. Data for plots on the left are obtained from radial
-500 scattering, and the right obtained from tangential scattering.
1000
{E‘ 500 ¢
= o i s Bao(q;'y) harmonic is nonzero and represents the equilib-
§ o rium hydrodynamic contribution to the stress tensor.
S 500 < The integrals of the harmonics with respect to the wave
1000 vector, as suggested by E@S) and(9), correlate the hydro-
0.00 0.01 002 0.00 0.01 002 dynamic component of the shear stress and the thermody-
q @AY S namic component of the normal stress to suspension micro-

structure, respectively. Figures 11-13 illustrate the change in
[1(g,#;%)—1(q,¢; y=1s 1] for the neutralized HS75 dispersion at a vol- the hydrodyngmlc Sh.ear stress and thermOdyr.]amlc normal
ume fraction of 0.5, over a range of shear rates. Data for plots on the left ar8('€SS€S With increasing shear rate. Note that in calculating
obtained from radial scattering, and the right obtained from tangential scatthe integrals, the integration is stopped at the primary peak in
tering. Note that the scales are expanded for the higher harmonics due to thge structure factor in order to minimize the effects of the
weaker signal. scatter in the data at higher (range: 0.0044 q<0.0083).

This is a reasonable approximation, since the hydrodynamic

Figure 7 shows the analyzed SANS scattering for thefunctions that weight the harmonics in the exact integral

lesser concentrated unneutralized dispersiahs 0.43). In
this set of plots, the cos¢) and cos(@) harmonics are ex-

FIG. 6. Harmonic weighted, circularly integrated SANS difference spectr.

cluded, because there is no observable change in these data L3 S '
with shear rate to within measurement sensitivity. The data
are qualitatively similar to the more concentrated dispersion 1or T
(Fig. 5. Once the shear thickening regime is entered, the osl 1
scattering changes very little, similar to the more concen- '
trated dispersion. ook oo y=1s" |
These harmonic weighted scattering results are used o o y=100 s'l‘
with Egs. (5)—(7) to reconstruct the true, three-dimensional m 05k & y=1000 5]
microstructure under flow. Figures 8—10 illustrate the har- -1 A y=3000 5]
monic functionsBg ((d;¥), B3 (d;¥), and B;(q;¥), re- 1ok v y=4000 s
spectively[Egs. (5)—(7)] for the unneutralized HS75 disper- 1 < y=5000 5]
sion at ¢=0.49 at various shear rates. Notice that the sk > y=6000 s
Bao(q; v) harmonic is substantially larger at low shear than I —#—y=7000 5]
either theB{o(q; y) or B£2 harmonics. The reason for this is _2_8 R S
that theBg ((d;¥) harmonic is a function of the circularly 00 0.01 0.02 0.03
averaged intensityWo tangentias Whereas theB; ((q;y) and q@A™h

B} (qg;%) harmonics are functions of ¢ weighted in-
2’2(q 7) (BB&) g FIG. 8. Byo harmonic calculated according to E(p) using the SANS

tensities only. Thus, at asymptotically low deformation rates’spectra from the unneutralized HS75 dispersions$at0.49. The line

. . . - + .
Wt‘ere ) the SUSp_enS'On ] IS ISOtI’OpI(?, tf‘&zyo(q: 7’) ) and through the data corresponding to the highest shear rate is included to guide
B, «d;y) harmonics vanish. Contrarily, at equilibrium the the eye.
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FIG. 9. B, harmonic calculated according to E() using the SANS EIG' l:.L' Steveraé . Te ha.‘rmotw{ﬁgzl\(lss)_(m ?ndfthe c?hrrelated htydlr_o—d
spectra from the unneutralized HS75 dispersions¢at0.49. The line ynamic stres$Eq. (4) using the spectra from the unneutralize

through the data corresponding to the highest shear rate is included to guide® > dispersions ab=0.49]. The lines are included to guide the eye.
the eye.

scattering spectra. This observation is qualitatively consistent

[a(q), B(q), &(q), and&,(q) in Eq. (3)] decay nearly to with the “hydrocluster” microstrupture at shear thickening,
zero byga~ 2. The figures all demonstrate that the hydrody-Wher? the hydrocluster has a s_,llghtly greater local particle
namic stress increases in magnitude near the shear thickenif§nSity than the unperturbed microstructure.

transition. Furthermore, notice that the change in the hydro- ~Figures 11-13 also illustrate the change in the thermo-
dynamic stress for the unneutralized dispersiopat0.43 is ~ dynamic component of the normal stress differences. Each
substantially greater than either of the more concentrated di$USPension exhibits the same qualitative trends, in which the

persions. This is mainly due to the larger change in thdnagnitude of both the first and second normal stress differ-
B ;%) harmonic for the less concentrated dispersion ence increase with increasing shear rate. The increase in the

which may be a consequence of increased compressibilit)f/'.rSt _normal _stress difference with _increasing _shear rate is
As the dispersion concentration increases there is less vofonsistent with hydrocluster formations that align along the
ume for the isotropic spatial distribution of the particles to COMPression axig135° from the flow direction Further-

change, and therefore less change in the circularly averagg0re: this result is in qualitative agreement with the Stoke-
sian dynamic simulations by Brady and co-work&slotice

15 — [
L0 | 0.0008 pr—r—rrrrr——rrry ARk
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’ ‘ B2‘2
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FIG. 10. B,, harmonic calculated according to E@) using the SANS

spectra from the unneutralized HS75 dispersions$at0.49. The line  FIG. 12. Several of the harmoni¢ggs.(5)—(7)] and the correlated hydro-
through the data corresponding to the highest shear rate is included to guidlynamic stres§Eq. (4) using the SANS spectra from the unneutralized
the eye. HS75 dispersions ap=0.43]. The lines are included to guide the eye.
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| nent, as there are still substantial contributions from the di-

0.0008 prrr—— e rect, interparticle interactions. At higher shear stresses and in
@ By Yoo ] the shear thickening regime, the measured stress is approxi-
0.0006 ® B, 1 mately equal to 1.30.1 times the calculated valughe fit
¢ By, ] line regressed to the data obtained in the shear thickening
0.0004 |- —4—~ ghydm A regime, which provides additional confidence in the analy-
T hermo 1 sis. As noted previously, data at very high shear stresses deep

into the shear thickening regime is suspect due to significant

00002 '< - qJ2,thermo /‘l -l
[ ’ slip, and is not included here. The deviations in the Stress-

0.0000 ] SANS relation are consistent with the microstructure satura-
[ tion due to slip. Although not shown here, the hard sphere
-0.0002 |- e dispersion yields qualitatively similar results, but the lower
" stresses and correspondingly lesser microstructure deforma-
-0.0004 1 tion limits the amount of data available for comparison.
-0.0006 --1'-('),1 : -----i‘(')o BT 102 — IV. DISCUSSION
Y'(S-l) Neutralization of the surface charge on the weakly elec-

trostatic stabilized dispersions through the addition of 0.066
FIG. 13. Several of the harmoni¢ggs. (5)—(7)] and the correlated hydro- M HNO; dramatically lowers the low-shear suspension rhe-
dynamif: stres$Eq. (4) using Fhe SAN$ spectra from_the neutralized HS75 oIogy. The critical stress for shear thickening is also ob-
dispersions atp=0.50]. The lines are included to guide the eye. served to decrease by nearly an order of magnitude upon

charge-neutralization. The decrease in the low shear viscos-

that the second normal stress differer@gterparticle and ity is attributed to a decrease in the effective volume fraction
in the suspension, due to the removal of the electrostatic

Brownian componenjds greater in magnitude than the first, . i . "
P 19s g g interactions’’ The decrease in the critical shear stress for

until the shear thickening transition, for both potentials. The . . T . .
shear thickening upon charge-neutralization is rationalized

signs are correct, but the relative order is not in qualitativeb bal bet th Ve hvdrod ic f
agreement with  theoretical predictions for dilute y a balance between the compressive nydrodynamic forces
suspension&41 and the repulsive stabilizing forcé$As the glegtrostatlc in-
Finally, the Stress-SANS coefficient can be obtained foferactions are rer_noved by charge—neutralllzatlon, the magni-
tude of the repulsive force decreases relative to the Brownian

the charge-stabilizedunneutralizedl dispersion by plotting . A .
the calculated shear stress against the measured shear stré-%rsc.e.' This reduction in repu Isive force lowers the hydrody-
namic force necessary to induce hydroclusters, and hence,

Figure 14 shows excellent correlation between the hydrodyI the critical st for shear thickeni

namic stress determined from the Rheo-SANS mefhed owcgf] e crl 'C? Is_retgs orl S ﬁar Ic efnlng(.j . t on th

Eq. (4), which has been multiplied by 18 as an estimate of —harge-neutraiization aiso hias a prolound impact on the
equilibrium and shear induced microstructures. At equilib-

the magnitude of the hydrodynamic interactitfisand the . . .
measured shear stress. Note that at low shear stresses, f  the SANS spectra for the unneutralized dispersions are

measured stress is greater than the hydrodynamic CompBQasonany predicted by a solution of the Ornstein—Zernike
equation for a Yukawa potential to calculate the structure

factor, where all the potential parameters are determined
1400 - from independent measureméntThe charge-neutralized
; dispersions yield SANS spectra that are well predicted with a
hard sphere modéf
At low shear rates there is a marked difference between
dispersions in the anisotropy evident in the SANS spectra.
Most noticeably, the charge stabilized dispersions exhibit
greater shear-induced microstructure distortion than the
charge-neutralized dispersions. This has been predicted from
numerical solutions of the Smoluchowski equation by
Bergenholtzet al*! In the absence of interparticle interac-
tions, the microstructure must reflect the for-aft symmetry of
low Reynolds number hydrodynamitHowever, the added
presence of strong electrostatic repulsion leads to the devel-
— ————— opment of strong anisotropy in the microstructure, qualita-
0 200 400 600 800 1000 tively similar to that observed here.
Hydrodynamic Stress (Pa) This evolution in microstructure parallels the magnitude
3 _ ) of change in the shear rheology, but these microstructural
E'G' 14. Stress-SANS plot for charge-stabilized dispersinsh.49. The .o haaq gt Jow shear rate are not directly related to the domi-
ydrodynamic stress is calculated according to &g.multiplied by the L . .
expected order of magnitude of the coefficient (30 The line indicates a nant contribution to the shear wscos(iye., that from inter-
Stress-SANS coefficient of 1.3. particle interactions Because the SANS patterns explored

Measured Total Stress (Pa)
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here do not probe tthf1 component of the deformation, calculation*®*! The function BZZ exhibits a more complex
and this deformation is the dominant deformation at lowstructure, but is dominated at high shear rates in the shear
shear and is primarily responsible for the low shear viscosityhickening regime by the negative peak. This would corre-
(see Refs. 36 and 45he observed flow-induced microstruc- spond to an increase in neighbor density along the flow di-
ture anisotropy is primarily representative of the componentection relative to the vorticity direction.
of the normal stress differences due to interparticle interac- The theoretical calculations of Bergenholtz, Brady, and
tions. Vicic*! comparing hard sphere dispersions with hard sphere

At higher shear rates, in the shear thickening regimedispersions with an extended excluded hard sphere potential
the SANS spectra for both the charge-neutralized andan be qualitatively compared with the experimental evi-
unneutralized dispersions behave similarly in that the scattedence for hard sphere and electrostatically stabilized suspen-
ing intensity shifts to lower scattering angles. Note furthersions presented here. The rheological results for the suppres-
that in the transition from the shear thinning to shear thick-sion of the onset of shear thickening with increasing
ening the anisotropy of the unneutralized dispersion continexcluded volume corresponds with the shift of the onset of
ues to increase, and similarly the charge-neutralized dispeshear thickening to higher applied shear rates and stresses
sion begins to exhibit an anisotropy with two-fold symmetry. with electrostatic stabilization. As significantly, the greater
However, neither of the dispersions exhibit a melting of amicrostructure deformation and higher degree of anisotropy
six-fold scattering symmetry, which is a characteristic of thefor the charge-stabilized dispersion is qualitatively in agree-
destabilization of hexagonal-close packed layers. As there iment with the predictions for dispersions with excluded vol-
no evidence for order in any of the dispersions at rest oume interactions beyond the hard sphere repulsion.
under shear, the SANS results shown here demonstrate that Correlation of the suspension microstructure to the hy-
an ODT is not necessary for shear thickening. As noteddrodynamic component of the shear stress indicates that the
these results are in complete agreement with other, recemagnitude of the hydrodynamic shear stress monotonically
SANS studies of dispersions under fIG##° increases with increasing shear rate. Furthermore, the hydro-

As the shear rate is further increased within the sheadynamic stress is observed to rapidly increase near the shear
thickened state, there is no apparent change in the micrdhickening transition. This is consistent with the increase in
structure. This may be a consequence of wall slip in the shedrydrodynamic stresses due to lubrication forces within hy-
thickening regime. An earlier investigationshows that in-  droclusters. Similar correlations between the suspension mi-
creasing the shear stress beyond the critical stress for sheanostructure to the thermodynamic component of the normal
thickening leads to an increasing slip velocity, in which thestress differences demonstrates that the first normal stress
true shear rate does not change. Consequently, saturation difference increases during shear thickening. This also sup-
the patterns at high shear rates is consistent with the presenperts the hydrocluster mechanism for shear thickening, as the
of extreme wall slip. hydroclusters are aligned along the compression axis.

The harmonic coefficients of the scattering presented
here(i.e.,B",) have a one-to-one correspondence to the real
space structure and hence, it is possible to interpret the scaf- CONCLUSION
tering results represented in this form directly in terms of real
space structure. The real space expansion written in the r
dial (on-axi9 laboratory frame i$®

A new method of Rheo-SANS has been demonstrated
&nd employed to validate that reversible shear thickening in
dense, colloidal suspensions is a consequence of hydrody-

L c G namic interactions. Both electrostatically stabilized and
_ [ 2 52 [0 s charge-neutralized, near hard sphere dispersions were exam-

h(r)= \/;P°’°+ A7 Pad32°-1)+ 27TP2’12X ined. The charge-stabilized dispersions exhibited much
higher low shear rate viscosities and commensurately larger

n /_ P, 52— §2)+ (10) micrpstrugture dgformations than thg charge—neutrali_zed dis-

87 2 persions, in qualitative agreement with recent theoretical pre-

dictions and simulations. The neutralized dispersion begins

where the coefficientB, ., are functions of the particle sepa- to exhibit significant microstructural anisotropy and flow-

ration distance and shear rate. These coefficients are Heninduced microstructure near the shear-thickening transition.
kel transforms of th(B,fm scattering coefficients. Although it From analysis of both the tangential and radial scattering
is not possible to give a general result for the sign of all thespectra, the three-dimensional microstructure of the charge-
coefficients, for the data presented here the zero order transtabilized dispersion is observed to develop a strong flow-
form will have the same sign, whereas the second ordeinduced anisotropy, but without any long-range order either

transform (=2) will have the opposite sign. prior to or after shear thickening, i.e., there is no order—
Examining Figs. 8—10 with these transformation rulesdisorder transition accompanying the observed shear thick-

suggest that the charge stabilized dispersion has a real spaseing. For both types of dispersions, the SANS intensity in-
structure with the following features. The large increase intensifies at lower scattering angles as the sample shear

B&O corresponds to an increase in the density of neareshickens, in qualitative agreement with simulations and
neighbors under flow. The primarily negative result B)ZO theory that predict shear thickening as a consequence of
suggests increases in particle density in the flow gradiemshear-induced “clustering” of the particles. Quantitative

direction. This is what is predicted by simulation andanalysis of the shear-induced microstructure demonstrates
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that the hydrodynamic component of the shear stress is re- The weighted integrals over the detector are now evalu-
sponsible for the observed increase in the measured stressafed, with the indeXradia) denoting the scattering orienta-
stress-SANS rule is observed through the shear-thickeningion, and(n) the weighting. The anglé is defined in terms
transition and the stress-SANS coefficient is found to be irof the horizontal(i.e., flow, X) direction. Note that the polar
guantitative agreement with prediction. These observationangle 6 is zero, as per the small angle assumption,

support the theoretical results and simulation predictions that

reversible shear thickening is a consequence of increased _ :i 2 S(9)

. . . n,radial cos(nd;) d¢
short-range hydrodynamic interactions that manifests as the ’ 2 Sed )
formation of hydroclusters in the flow field.

h(q) +1 q

Sed )

1

27
5 fo cogne) @. (A2)
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APPENDIX: RECONSTRUCTION OF EXPANSION Waragia=0F -, (A3)

FUNCTIONS where the higher order terms have been neglected.

The goal of the method is to reconstruct the expansion ' N€Se refations can be inverted, with the help of the

functions of the structure factd;",, from two dimensional following, tangential scattering results, to solve for the coef-
,m L : . :

SANS spectra. Two geometries ‘are considered, but the afici€nts of the spherical harmonic expansion. o

proach is general and can be applied to any geometry. How- Idealized, off axis or tangentlal scattgrlng _has the inci-

ever, note that for the geometries considered here, the equd€nt wavevector aligned with the velocity axis. The flow

tions simplify because of the assumption sxhall angles gradient direction is “horizontal” on the detector, while the
i.e., the detector is considered to be “flat” and truly two vorticity direction is “vertical” on the screen. Note that the
dim’ensional. vorticity direction (vertical) is common to both on and off

The transformation from the 3-D scattering function axis scattering. In this geometry and for small anglgs (

S(q) to the detector pattern in 2-D is accomplished via the= 0) the scattering function has the Cartesian expansion:

spherical harmonic expansion. The values of the scattering 1 5 2
vectorq are then calculated for the plane of the detector. A f(k)= —B/ ;+BJ [ 332_1
simplification can generally made for the case of SANS, as Jr SVamlq

for small anglesq,~0, wherez is the propagation direction HE
of the neutron beam. +B 1579 + (A4)
. 2 2 2 O
In the article by Wagner and Ackersdhthe geometry “ V8w k

corresponds to scattering down the gradient direction of the The weighted integrals over the detector are now evalu-

fll'?l\g \(/:/ss 5;1(222(:'190?’c\zlavllézI;Ti?):gvzoﬂsggiézzdg?z;::ggr. d 0ated in this rotated frame of the detector, with the index
' ' “(fangential denoting the scattering orientation, at@ the

a).(t'ﬁ ?r:;atﬁ)lcsff att(re;ggnr;a: er'll'?]((;"iﬁ)m Vﬁ‘éit.\;enqgr“alé??eweighting as per EqA2). The angleg is defined in terms of
Wi v Ity gradi XIS W direction 1 " the horizontal(i.e., flow, X direction. Note that the polar

zontal” on the detector, while the vorticity direction is “ver- : ,
tical” on the screen. First, in this geometry and in the as_anglee 's zero, as per the small angle assumption,
sumption of small angle, the value qf~0. Consequently, 1 (2= S(q)
there is no need to consider that the light passes through the Wn tangentia™ 5 — fo cogna) mdqﬁ
cell twice, As the detector actually averages over boffiv ¢
and— Vv. However, the expansion is symmetric in this vari- 1 (2= h(g)+1
able for all terms that are not multiplied loy and the SANS ey fo cogné) Sed @) de. (A5)
pattern is symmetric in th& or horizontal direction.

In this geometry, the scattering function has the Carte- The following results are obtained for the weighted de-

sian expansion with the first few terms: tector integrals:
R 1 /5 1 11 /5
=—B/ y —(— — + +
h(q) /_71' BO,0+ BZ,O A ( 1) WO,tangentiaTS_eq 1+ BO,O\/;_'— E BZ,O A
[15 (a3 —ay) 1 15
+ y ——BS —
+B;, PP +.... (A1) > B, g
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