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Shake gels
g

Laponite (clay)-PEO

T T T T T T T L T

“Shake” gel
NE/HEC soln. o
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“ > SWLK Fig. 1. Phase behavior of laponite - PEO ‘shake-gels’, formed

N ? by vigorous shaking. The open triangles represent mixtures that

LS ° : Silica_PA form shake-gels upon application of shear; the arcles represent

s mixtures that shear-thicken and show an increase in viscosity

Silica suspensions in but do not gel; and the solid squares represent mixtures that do

. . not gel even when subjected to large shear. The molecular

.. Polyacrylamide solutions iohy of PEO used is M, = 300000 g mol
*~~2: Y.Otsubo, K. Umeya gyration R, = 32 nm.

' J.Rheology, 1984, 28, 95-108.

', with a radius of

) Shear-induced gelation of laponite-PEO mixtures
g1 SRerele Sepeniones o sypareat oy fee LOwk 2 Tam scaton J. Zebrowski, D. A. Weitz et al. 3
pertide ccpoestrations R S Colloid Surface and Interface, 213, 2003,189.
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hid Advances in Rheo-SANS:
The structural rheology of long polymer
chain branched polymers
Measuring and modelling of macromolecules in flow

Polymer Processing in the 21st century? Putting it all together: SANS in flow

Model World Real World

Reaction Chemistry

I Molecular shape ﬁ ﬁ“ g
~ \
s Melt Rheology w & o
N £ - '\
“Reversing the design ar 7 F ) W

Erik Wassner, BASF “Good processing” |
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By solving 5
constitutive equation ——— _

St

Tom McLeish (U. Durham, UK),
ISSPSoft2010, Kashiwa, U. Tokyo, 2010
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Shear deformation and response
= variety of rheological behavior of polymeric systems =
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Rheology; science to understand the relationship between deformation and
its response

W4 F
. ' 'A
Shear deformation o / Stress: o= F/A,
shear p Shear strain: y =1[,/x = tan0
Olef ¥.o..... . . d
Shearrate: y= &r
dr
shear thickeping shear thickening
o) ) > o~
off =" —
Y Y
e.g.) Shear thinning ; ketchup, mayonnaise, cosmetics, paints 5

Shear thickening ; starch, sand of seashore
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S Rheo-SANS

SANS-U, ISSP, Univ. Tokyo
Wavelength: 7 A
SDD:2,4,8m,12m
Q range: 0.002 - 0.1 A-!
Okabe et al., J. Appl. Cryst., 2005, 38, 1035.
Iwase et al., J. Appl. Cryst., 2011, 44, 558.
MCR 501 (Anton Paar)
Torque : 0.1 uNm - 230 mN m
Torque resolution : 0.001 uN m

Quartz cell
Cylinder
Diameter : 48 mm
Angle:22°
Beaker
Diameter : 50 mm
Gap size : 1 mm
Sample amount: 10 ml

7
Tangential Radial
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Tree topics

Part I: NE/HEC Shake gel
Part II: Shear thickening of Clay/PEO
Part II1: Phantom chains of CTAB/salt
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R Self-standing nano-emulsion

Kawada, et al., Langmuir, 2010, 26, 2430.

self-standing

Nano-emulsion Transmission micrograph

About 25% oil droplet
with small amount of anionic surfactant
obtained by high-pressure extrusion Kao Co. Ltd. /a0

10
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Rheological behavior

NElO; Stock sqln. (ca. 25% oil-droplet dispersion)
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closed-packing Gel emulsions | ot

75 - -~ Jamming transition —J

ordered structure

50 and self-standing

Colloid crystals
Ordered structure

By electrostatic
repulsion

25

Internal-phase ratio (IPR) (%)

1nmﬁ0nm 100nm 1pm 10um
Droplet size

Needs high purification of dispersoid to increase
the Debye screening length

¢=0.000829
d=110nm b

Kawada, et al., Langmuir, 2010, 26, 2430.
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@ NE/polymer shake gel system: sample

J. Chem. Phys, 2007,127, 144507

Shake gels, composed of a mixed solution of polymer and nano-size
emulsion, show both shear thinning and shear thickening behaviors.

Nano-size emulsion

Nano-emulsion was made by
high pressure extrusion of 30 wt % glycerol,
3 wt % ethanol, 16 wt % oil.

Nano-particles in the emulsion become
cross-linkers to which polymer chains are

attached.

Polymer : 2-hydroxyethyl cellulose (HEC) : M =1.30 x 10° g/mol
Particle : nano-size emulsion (NE) : (Diameter =~ 30 nm)
Concentrations: polymer = 0.4 %, emulsion = 12 %

13

g7 THE UNIVERSITY OF TOXYO

dilution
4x
2x
1.33x

Stock solution : =~ 25%

Dilatancy factor

F

Def.

Dilatancy Factor
= viscosity ratio
after and before
Shaking

14

gy
E [
o Cng and Cyp dependence of dilatancy
(polymer)
Samples Cone. of HEC130
0.2% 0.4% 0.6%
25% |D25/02 ((1))|D25/04 (@)|D25/06 (7))
e |_50% |D50/02 (2)|BE0/0AN®)]| D50/06 (8)
75% |D75/02 (3)|D75/04 (©) -
Sample code: D50/
rrT
0 SK-150% HEC 0.4%
.6 —1 D25/06 D50/06 T4
0.5 L~y !
=
- 0.4
=
: - 203
(-
P
. o 0.1
A tuning-fork vibration
Viscometer
(CJV5000,A&D Co. Ltd., 0 0 5 4 (1 \z “‘) IA’ 1416 l;l
Japan) = : N :

@ 25°C,30 Hz

Cy (Wt%)
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A Flow behavior: shear-induced transition
——rm——m—| -0 D50/04 1 ascent T 104
i - D50/04 7 descent ]
10¢ L [D50/04 | | o Dso/04 & ascent
3 A D50/04 o descent
- o 0.4wt% HEC 410°
s f > 50wi% NE
10 3 = = 0.4wt% HEC + 50wt% NE

..ooo..:x!.
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A Viscoelastic transition
103 E_I T T T T T T I T T T T T T T T I T I_E
: : f
" G(w)~w |
102 3 E m N (I )l E = N E
) - after Gel (elastic)
< 1| ODoooooooD ]
10 ¢ E
E 3 G'"(w) ~ o 3
ED [ 1270 times ]
0

_~ 10°F G"(a))~a)0'71 o © 9 Solution (¥iscous)
O ; 09 Jee? ]
L o) i
Storage, and 1! = before ° ° .. 0.91 E
Loss moduli 2 Glw) ~w y=5% |3
[ G'<G" at 25 °C| 1
10_2 T 1 1 | .| | 1 1 1 1 11 | 1 )

0° 1
w (rad/s)

G’(w) and G”’(w) were measured before and after shearing
(dy/dt =100 s! for 10 min) 16
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) 2D SANS Patterns of Shake Gel

Radial Tangential
ol | "
','_O.lb LU BT LR B R LR T 0
: . SARARI Pt
0L S@)—» 3
- 1.
- = 10
y=4.0 5! _ c 1 5
5 0L El
S E 3 =
> [0 NEsOwt% 1 45
Z | O HECO04wt% =410° =
8 P(q) ERS
R=J P ]
10"
102
) : 2006 4000 . 0 8060 10000 10‘3 oy 1 ! Lo uJ: 10‘6
No anisotropic patterns 10 10

g (o)
The shape of the NE and the inter-particle distance are preserved and only
the long-range inhomogeneities increase by shearing.
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A Birefringence

10 T T T T _
Before shearipg=-- 505"

-20 -
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Birefringence
1




RN,
!’5’; M 7 THE UNIVERSITY OF TOKYO
P\ v . . e 0 . °
e Discussion 1: Intuitive interpretation
F T T TI | —o- D50/04 i ascent T T T 104
£ oot s F Ascent
i & paoes ¢ e ¢ (A) Newtonian
10° 3 L\AAAQ\A\ i S&S@T{}EEC+SOM% NE ? (B) Shear thinning
~ b w=fs' e (C) Shear thickening
: S n— I (V)] Slipping
& 'E RSN =0
E anantts — oo £ Rt}
= L o N 0 Descent and 2 nd run
E o E . .
: N C)\(D : Dilatant behavior !!
o1 B . . .
07 Totamokel s = 10" Once a high shear is applied,
102, vt o o F B} the structure is formed and the relaxation
¢ 100 102 100 10 100 10 100 10t time becomes very long.
. -1 . e 0
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e € 5 : &
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v
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19
From SANS, we know a does not change with shear. Flow direction
Gy Discussion 2: Estimation of shear: vwmsrorono
e e
- stress at the transition
a=439nm R=16.5nm

Entropy elasticity of a single Gaussian chain
f__ 3T (R) (R)

g= Z = A<R§>l/2 <R§>1/2 =E <R§>1/2

f 3k (R)

Approx.l: A=a?> 0=

IS
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=
=
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G=E3, (RUR) " —y

kT R kT
0=Gy= < > = iz Y

a2<R§>l/2 <R§>l/2 a2<Rg>

Approx.2: y=1

o, =Gy~—3
a

Predictedby @ pe-------- J -
O-tr = 45 7 [J/m3 = Pa] SANS data Only -

(d)

Rheology ' —y: v

o, =373 [J/m? = Pa] o, 20
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! Summary 1: NE/HEC mixture

*Shear-induced gelation in a mixture of NE and HEC was
investigated by Rheo-SANS.

* The mixture exhibits a distinct viscosity-jump (dilatancy) at
the shear rate of 4 s'!, which corresponds to a steep upturn
of SANS intensity at the low g-region.

*No anisotropy was observed even at the shear rate of 100 s1.

*The dilatancy effect becomes largest when a = R, .

* The shear stress at the transition can be simply estimated
only with the structure parameters.

= The dilatancy behavior is due not to non-Gaussian chains,
but to percolation transition of the system.

Shibayama, et al., J. Chem. Phys, 2007, 127, 144507. 21
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Tree topics

Part I: NE/HEC Shake gel
Part II: Shear thickening of Clay/PEO
Part III: Phantom chains of CTAB/salt
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= shake gel composed of clay-PEO mixture

Takeda, et al., Macromolecules, 2010, 43, 7793.

samples
e[aponite (XLG) (clay platelet) \m - \\VQII/ . - Omyger
10 A 7 | R OHF
\ W ® Mgly
WA (L o
*poly(ethylene oxide) (PEO) A ST Lomeen
= 9y
M,,= 400,000 £CH,CH,O}: Y N

>
B~
ewater H,O and D,O mixtures for SANS
(contrast variation SANYS)
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Clay Orientation in a flow field
“Gedankenexperiment”

5

Schematic illustration showing the relationship between the anisotropy

of scattering intensity and clay’s orientation.
tangential radial

vorticity neutron neutron

neutron neutron

gradient gradient flow

tangential radial

o000 y ¢

=
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oo §

sl 4 Lyl 2=X01e=8)
.\ g ool C 2=\ » »
' .“‘H}") TS 24

tangential
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2
e
R Rheo-SANS of clay/PEO
a Shear Rate: 90 s°!
LRD3-PEO2-Mw100 LRD3-PEO2-Mw300 LRD3-PEO2-Mw600  LRD3-PEO2-Mw1000
b o e
1000 flow direction 1000 vorticity direction
_ o, 100
E '
S0 g 10
£ £
g osame :
E 0.1 o 300 slope: -2 g 0.1 :
e 600 . . p— .
0.01 AL x-dl‘rectlon 0.011 * 1000 z-direction
1E-3 0.01 0.1 IE-3 0.01 0.1
q/ A q/ A
. 25
Schmidt et al., Macromolecules, 2005
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A . o
Aging of clay 2 wt%
viscosity DLS
T T T T L T L 10
§ lage 3
107 C2P0 S 1ih
107 h R
" e 314h 5 10L
" o 489h
. —o-  708h -
< 1,680 h ~
= < ORI
s 0006600005, . oo g 398 h <-- gelation point
0600000 3l o 489h o o
© 0000000606000 0000000 10°F 5 708n °%
o 1,680h °
10 0 2 68 | 2 68 , 2 468 4 10 1 1 1 1 ! H
10 o, 10 10 10° 107 10t 10" 10t 100 10’
y /s T /ms
n (r—0) solution; g?(0) = 1

Gel point; power law with 7

Gelation at stationary state O .
ry — self-similar cluster formation

/ ; > \ ); ‘}’\
" - E > =4 gel; suppression of g?(0)

— gel mode, nonergodicity 26
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viscosity DLS
m T T T il 100 Rt
10’ C2P08 fe 27h
] o~ 39h e
b ml’»
o g
D

n/ Pa.s

2
¢?-1

1. n (y~0) increase
2. Lowering of y at shear thickening
3. Gelation at stationary state

Origin of structural evolution
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Evolution of clay-PEO mixture

= gelation of card-house structure of clay

10 ag
(o]
[o]
o o]
10°F © 81 h --- gelation point 0 5
o 114h &
o 334h g
o 1,728 h Q
4 (ap
10 & L L 1 I L H
100 107 10 10° 10" 10 10°
7/ ms
27
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Rheological behaviors

shear thickening system

n/Pass

-o- C2P04

C2P05
7 C2P06
< C2P07
- C2P08

0 2

! Wik

1
68 | 2
10

1
4 68 5, 2

|68
. 10°
yls
F = ﬂaﬁ/ Npef
sol
shear thickenige arca
e ¥
Pl
* C2r07
C2P06
» C2P0S
gel e Copd

14 16 1

wi%
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shear thinning system

0 Ty
E %"“ﬂuuuu M,, = 1,000 kg/mgl
L J
0'E e C3P2;
2, 1
: | PEO
0
&0E 3
= ; E
F [ |-o- clay_ascent
0'1 L |- clay_descent s
E | -&- PEO_ascent E
[ |-&— PEO_descent
[ |0 clay-PEO_ascent
[ |-®- clay-PEO_descent
107 bt A " ! wtt
10° 10' 10 10° 10*
y/s
C3P2
Matsunaga et al.,
Macromolecules, 2010, 43, 5075.
Sample code:
C2P04; clay:2 wt%-PEO:0.4 wt%
Phase diagram of shear thickening behavior
with contour lines of F.
28
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“¥¥Rheology and SANS measurements .
J" °

C2PO8 o=l 1, =3 day “ . C2PO8
SDD =8 m, 4m

shcarflhlhckening

- - =
- b . - 3

-
-

-

Flow direction

300" 400s" 500"
e 1 1 J o3 1 1 I b 1 1 +
1000 50 100150 0 50 100150 0 50 100 150
time /s

The scattering pattern changed to anisotropic at 500 s’!.

To investigate y =0,100, 500 s* more precisely, CV-SANS was applied. »
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A% Scattering from three-component systems
I(q) = ApCZSCC(Q) +2ApAPpSp(q) + ApPZSPP @)
Self-terny \
( Scc(q) o See(@)
EoN ) 2
L p ?’)1\--‘5’,_ \;r ('
~o - I .
* \V/
\ Clay Only PEO Only j
Cross-term

I(g)

SCP(‘]} N 5=
| E \\ ‘l\‘/ 5‘.
o 5\Q) /
‘\\. I, .] /}J .
X}/ /Interaction of clay and PEO

30
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TContrast Variation SANS . .
5 30 ‘
1(@) =~ AP S (@) + 2M0 A PS5 (q) + APy Spp(q) 3 a solvent
10
) Q clay O ot
00 02 04 06 08 10
Ape 4 f AR
ﬂ > ;'9. solvent
W ?lr >t
App[ B

singular value
| decomposition

d (‘I)"IAPCZSCC () +2'Apc APy Scp (q)+1ApP2SPP (@
L(@~"Apc’Scc(q) +2°ApAPuS o (9)+ A0y Sy (q)
{? L@~ Scc(q) +2°Apc By S (9)+ Ay Sp(q)

S\

(q‘x
()
I(q) measurements Partial scatt. fun.
SN 7 THE UNIVERSITY OF TOKYO

o 2D scattering Functions for C2P08

-o- C2P08

Col/SDD=8 m/8 m

)
N Scc
\m[))f S : S
45 e S
N —_—
™ f Spp —_—
- 32

> Flow direction
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e Conclusion 2: Clay/PEO

* Structural analyses were conducted on a clay/PEO mixture C2P08
undergoing shear thickening.

* Orientation of clay and polymer chains in C2P08 with shear thickening
was observed by means of Rheo-SANS and Rheo-BF.

* CV-Rheo-SANS result revealed the origin of orientation at shear thickening
threshold.

* Both of clay and PEO were orientated parallel to the flow direction.

* CV-Rheo-SANS data gave not only the information of orientation but also
that of clay-PEQ interaction.

* PEO chains adsorbed on clay surfaces are peeled off with shear thickening and
bridge clay platelets, resulted in percolation transition.

Mechanism of shear thickening

/‘”‘j f\;] ~

s >

Flow direction Flow direction
stationary Shear thinning Shear thickening 33
Takeda, et al., Macromolecules, 2010,43,7793.
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Part I: NE/HEC Shake gel
Part II: Shear thickening of Clay/PEO
Part I11: Phantom chains of CTAB/salt

34
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Takeda et al., Langmuir, 2011, 27, 1731. ad

d
Cetyltrimethylammonium bromide (CTAB) ! @
transforms to a rodlike structure by adding
sodium p-toluene sulfonate (NapTS)

surfactant
CTAB NapT$S e

\/ § aromatic salt
_N+ Br y Hydrophobic
r interaction

Hydrophobic

cation-x interaction interaction

rodiike micelle

Rheological properties

1. Maxwell model with a single relaxation at high micelle C.
2. shear thinning at high micelle C

3. shear thickening at low micelle C 35

s |
N
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¥  (ritical chain length (rod radius)

| <l =~(0.154+0.1265n)

C

lc : critical chain length

[ : extended chain length
max

n : number of carbon

Tanford, C,(1973,1980) The Hydrophobic Effect, Wiley, New York.

CTAB I =21.78A

Fitting result R=123A 36
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= SANS at stationary state

Measuring condition
CTAB conc. (Cp); 5~200 mM
Salt conc. (C) /CTAB conc.(C)}) ratio; 0~2.0

Room temp. (25 °C)
’I_/ I\ | Area l; Nm}\oman(nso) !
- Area Ii; flat/thickening(iso/
2.0 Had e - AI:: ni; li\ui;nur:g;(':\lzze:\?n;m?ga aniso]
Surf. conc. dep. ’ Area V. precipitation
—— -
a Arca lll
J Area IV
&9 1.0 a4 > > > .-
é L L D > >
0.5 L Area Il > B b
O.vawv ©0 -
oo Areal 4
0.0 oo Q
0 50 100 150 200
Cp/mM
Salt conc. dep. """ 37
RN,
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o), r Rs

' SANS at stationary state

2 TTT T T T T TTTT T T T TTTTT T T
10° gr———— 13 LT | |
: o
1VO%> i
10 = 3 10'
i 1 0
o 10 1 ~. 0
S £ 3 5
~ F 1 2
Sk I
= E |[o Cs/Cp=20 et
T E|C Gia-ts SANS E
L Cs/Cp=10 4 10
2 o Crep=07 i
10" F |=ret=os— Sph.-rod
F|o Cs/Cp=03 it E 3
o areIol transition %do ] 10
10.3? o Cs/Cp=0 { .
| Lol Lol O -4
2 4 68 2 4 68 2 4 10 4 6 8
-3 -2 -1
10 0° 10 : :
qlA é g/ A"
Salt conc. dep. . Surfactant conc. dep.

sph.-rod transition Inter-rod interferenge
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A >,~' 10 T e
s Surfactant conc. Dep. =

§-X
10 E b ;ff; A
10' — | | | |
F Cs/Cp=15
I 1500 [2 ® N PR
10" g oL
: < Al
& ok L 1000 -
EIl: ~ o
~ 10 E‘ Cs/Cp=15 & 500} —
F Cp u]
10.3:_ o SmM o ol
£ 0 10mM oka o o 2 Q
EoL omM 50 100 150 200
10—4 L < 150mM
£ O 200mM Cp/ mM
0 X | With increasing Cy, L decreases,
68 3 2 4 68 2 2 4 638 | 2 4 b
10 C [,; constant
1A .
! —NO., no shortening, but
inter-rod entanglements
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A Viscosity and 2D scattering pattern
on 5mM_0.7
||| I IIIIII| [T T TTTITI I T TTTTII] [T ||||||I
001 | %

10s! 205! 50 .

| ¢l 100 57! 500 s-!

Ordinary Threadlike Micene

0001 I_l'll | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| 1| 1 1TT]
0.1 1 10 100 1000

40
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p Shear thickening o

(low micelle conc.)
Area I1, 111 ot 1

i
2

2J|I TT ||||||I T ||||||I TT ||||||I T ||||||I T 1rrrrg 5X10'3 J_ll T T T T T 1T |I
Area III (thinning-thickening) CS@ ) SmM_0.7
otk =15 | 1205t
o ®0000000, ol ] 4
id °e 0.7 4
%) o 0. »
R 0. <
£ o 0. &3
~ 3 AAANK é
=
Area Il =
1 (Newton- ; ’
Thickening)
3 Cp=5mM tata T s dagdocnomncns r_radial 8 m
1074 ] t_tangential 4 m
S"ll 11 ||||||I 1 |||||||I 1 |||||||I 11 ||||||I 111110 1 _'_II | | | L L 1 L1 ||I_
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5mM; too low conc. for entanglement formation.
Micelle orientation occurs with thickening.
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f/’f"f} Comparison of Shear thickening

A 4
mechanisms
Particle-polymer Bridging of particles by polymer chains
g o High shear.. 9 , (9
Surfactant-salt Connection-extension

~ High shear == ¢ p—
=1y i- - 7

“parcolation” transition 44
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o Rheo-SANS of Shear thickening
NE/HEC clay/PEO CTAB/NapTS
Nanoemulsion/polymer Clay/polymer micelle
y=100 51 0s? 100 s

radial tangential (¢) clay 3wt%, PEO 2wt% rala tangential

2 i ::')
Shibayama et al., Takeda et al., . Ti;keda etal.,
JCP, 2007, 127, 144507. Macromolecules, Langmuir, 2011, 27, 1731.
2010,43,7793.
. oy 45
Percolation transition
N
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Conclusion

Shear-thickening phenomena were investigated by Rheo-SANS
for complex systems, i.e., nano-emulsion/polymer, clay/polymer,
and surfactant/salt aqueous systems.

It was found that

(1)shear-thickening occurred in a small window of particle/polymer
concentrations, where the inter-particle distance is close to
the polymer size.

(2) Anisotropic patterns are observed by Rheo-SANS when the
particles have anisotropic shape.

(3) The transition is explained as a percolation transition in which
polymer chains bridge neighboring particles.

(4) In the case of CTAB/salt, a continuity transition is responsible

for the shear-thickening behavior.
46
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‘*gﬂi'
Fitting parameter
low PEO conc high
C2P04 | C2P05 | C2PO6 | C2PO7 | C2PO8
R/ A 1150
DJ A i 10
Petay 1 0.00763
Ryl A | 911 72.1 75.9 76.0 108
Ry A 150 150 150 150 193
Dyl A 17.5 20.8 20.6 21.5 243
ol 0.235 0.388 0.378 | 0.298 | 0.206
S% | 0.0824 | 0.119 0.137 | 0.194 | 0.255
g A 113 117 121 127 181
1 . .
Gel phase : shear thickening phase
!'2;,\':3& . 7 THE UNIVERSITY OF TOXYO
AR Comparison: Clay-PEO
Radial ;
2% clay g1 100 51 0 s-lTangennal 51

parallel
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Flow
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Coordinate system and Scattering finctions
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AN Partial Scattering Functions at 0 s-!

S;;(q)s at various concentrations with fitting functions

L

Scp

T

2 o C2P04
C2P05
L 2 C2P06 1
s v C2p07 g
66 © C2P08
Jf — fiCcopo4
fit_C2P05
— fit_C2P06
[ — fit_C2P07
— fit_C2P08

Sce (@) /10% em’!

<)
T

0.001 &
3 4

e 3
0.01
q/;\

R R R « w R S R R | L PSR « v S S A A | L

3 4567 3 4567 2 3 4567 3 4567 2
0.1 0.01 0.1 0.01

1 o -1 o -l

* At all conditions, S curves show the same function.
* Scp values are positive. = There are polymer condensed layer on a clay surface.

. . . . 56
* As increasing polymer concentration, S, values increase.
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Sijx 107 /cm

100

10°

Fitting Parameters

fitting parameter

low ) high
PEO concentration
C2p04 | C2P0s | C2p06 | C2P07 | C2P08
R/ A 1150
Dc/ A 110
Detay 10.00763
Rpy/ | OL1 | 721 | 759 | 76.0 | 108
1
RyA| 150 | 150 § 150 | 150 | 193
DyA| 175 | 208 | 206 | 21.5 | 243
¢y | 0.235 0.388 | 0.378 | 0.298 | 0.206
S%p | 0.0824 | 0.119 | 0.137 | 0.194 | 0.255
gA | 113 117 § 121 127 181
gel area shear thickening area

There is no significant structure change on these concentrations.
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Flow direction
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s Rheo-SANS 1
Rheology data SANS data O Stationary
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At the shear rate above the dilatant point, a steep increase
of the scattering intensity was observed in the low-Q region. 60
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7“1 Schematic images of clay orientation " "
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neutron| neutron neutron  neutron

tangential radial
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tangential | 1
radlaw L
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(a) overview (b) top view ' (c) scattering patterns
(side view)
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Birefringence Measurements

Viscosity 77 and birefringence An at various shear rates

Shear thickening  _ 840
age

L

7 =30 s h
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= 10'F ] 7 @
107 F DY coPos 7, ] NP P 4; _
105k . . it viscosity () Flow Flow
2 t } } 4
g COPO08 i = ==
. )
3 ] v
* Flow
60 |
S+ il Only C2P08 with shear thickening shows optical
birefringence (b) anisotropy. The changes in An come from clay

-] . . .
-100x107 03w 500 s0  orientation coupled with PEO.

time / s

62



fﬁ g7 THE UNIVERSITY OF TOXYO
< SchmidtdD

"regular' samples —orientation of clay and polymer observed
_ at rest 05s 10s” 205" 305" 70 s 905"

contrast matched samples —orientation of polymer chains observed
at rest 0.5s 10s” 205" 305" 70 s 905"

Figure 4. Radial beam configuration: two-dimensional SANS profiles obtained from LRD2 samples in D,0 (first series, same
scaling) and LRD2 contrast matched samples (second series, same scaling).

Schmidt et al. Macromolecule$32002

fﬁ? ] ) (g7 THE UNIVERSITY OF TOKYO
W NIST: Two different orientations

tangential beam radial beam

Z = Neutral direction

Y = Gradient direction

. X = Flow dm-cum
slow relaxation = 120 min

Schmidt et al., Macromolecules, 2000, 2002. JPS, 2004

fast relaxation <50 s
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e Discussion 3: Effects of non-Gaussianity
3. Effects of non-Gaussianity Since N = 2848. N2 is order of
For highly-stretched polymer chains, the 50 for HEC. Thus, x = y/ N2 =
.restoring force can be'expressed by the 0.02, where the restoring force is
inverse-Langevin chains, L'(x), given by Gaussian chain
statistics.
fe kl L_1(< R >)
b Nb 10F T T T T
Hence, the shear stress is given by, Resl(}ring forccehby el(;ngation
[ — fcohen (Cohen, 1991) A
4 kT _ i (truncated)
o=Gy=-N"ZL ‘(’1’/2) I N Non-GAussjan
3 a N = — Langevin
=~ 4 J
R=0 R=N"D H‘)— Nt Gal]ﬁrSian _:_,. i
S0 maNT 0 02 04 06 08 10
; . T RIND
0 207 x =y N"2=0.02
—10 0y 93, 297 s 7
L (x) =S 5 i 175 o O(X ) The effects of non-Gaussianity is
3= (36/35)x2 . 0( 6) . . NOT significant at all in this case.
= (33/35)x2 * (Padé approximation) 65
’!:;/:,\i\} ¥ THE UNIVERSITY OF TOXYO
A

' ' ' "clay PEO ]
lee=1day o 1.6 Wt%-0.4 wt%]
10 F —=- 1.6 wt%-0.5 wt%3
F -7 1.6 wt%-0.7 wt%]1
[ 1.6 wt%-0.8 wt%]
v 10 B 1.6 Wi%-1.0 wi%]
e  Frreey TR - 1.6 Wwt%-1.5 wt%]3
< o ]
oW 1 099 b
= )
= 10 E
I BAGACCEAAIEE s s - NN
_3 I
10 2 4"6'32 468 0 21'684
10 10 10 10

Shear-thickening transition took place at a finite concentration window.

The strength of thickening was defined by F' = 17,,/1, .
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Table 2 stationary fitting parameter
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C2P04 | C2P05 |C2P06 |C2P07 |C2P08
R./A 150
D./ A 10
Peyi 0.0076
Ryl A 91 72 76 76 110
prefactor 1.6 1.2 1.2 1.5 1.6
Ry A 150 150 150 150 190
D,/ A 17 21 21 21 24
B 0.23 0.39 0.38 0.30 0.21
S%p 0.082 0.12 0.14 0.19 0.25
E/A 110 120 120 130 180
10° T T
C2P04
, C2P05
10° C2P06
— C2P07
- C2P08

=5 day

A A LA AL

o
Foy
o

>x
=1
(]

4 6 8
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Fig.1
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'@ Partial Scattering Functions in a flow

1D partial scattering functions (SDD = 2, 8 m)

100F %
%****’3333%

20 3
Sij /x 107 cm
—_
S
T
)
0
&
&
I
T

10 2 stationary o0 £t +
Fx 1005 ° Al ¥
Lo 5005 _para Hop
o 500 s’lfperp o, °7

10” ......|2 I IOT 2 | s o
107 100 100 107 107 100
q/;&_] q/fl‘fl L]/A-I

- Partial scattering functions at 100 s-! show same patterns with O s-'.
- There are PEO layers adsorbed on clay at each shear rate,

but the layers were peeled off by shear thickening. 73
- Clay and PEO orient to parallel to the flow direction at 500 s'.
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