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* Rheological fingerprinting of a complex fluid or soft solid

» Large Amplitude Oscillatory Shear (LAOS)
0 Useful ways to characterize nonlinear

properties of complex fluids
0 How to quantify the measured response?

Wormlike Micellar Solutions ﬁ

0 Commonly used in shampoos/conditioners
0 Single mode linear viscoelastic response?
0 How do we characterize the nonlinear response?

The nonlinear rheology of snail slime
0 How do we characterize the nonlinear response?

Connecting to Constitutive Models
0 Extracting Constitutive parameters

What's Going on Inside
0 Kinematics and Structural Probes

» Yielding Materials; viscoelastoplasticity
a Carbopol Gels
0 LAOS for soft viscoelastic solids & gels

* A mystery food (CSI; Lisbon)... 2
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ARTICLE INFO ABSTRACT

Articie history Dynamic oscillatory shear tests are common in rheology and have been used to investigate
Received 10 May 2010 s awide range of soft matter and complex fluids including polymer melts and solutions, block
Received in revised form 11 Febnoary 2011 copolymers, biological macromolecules, polyelectrolytes, surfactants, suspensions, emul-

Accepted 16 February 2011

fi g ditw 9 ¢ shear (S ) v
Avadlable olive 11 March 2011 sions and beyond. More specifically. small amplitude oscillatory shear (SADS) tests have

become the canonical method for probing the linear viscoelastic properties of these com-
plex flusds because of the firm theoretical background [1-4] and the ease of implementing
suitable test protocols, However, in most processing operations the deformations can be
X tacial
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Motivation for LAOS

i

space of shearing strain is

about the interior region...”

T(t; 0,7g)
——

Y@®)/70

Bowditch-Lissajous Curve

« “... the whole infinite-dimensional

projected onto two dimensions”
“Nothing very systematic is known

» Develop rheological methods that leverage the capabilities of modern
instrumentation to probe the nonlinear properties of complex fluids and soft solids?
0 Foods and consumer products (gels, foams, surfactant systems)
gluten gel, micellar solutions, mucins, gastropod pedal mucus (snail slime)

A

¥

Increasing Strain Amplitude, v,

0 2£3TOTYSeTH I4TUTd

)iy

Viscometric Flows o

nfinitesimal

Linear Viscoelasticitys lasticity
s .

o

t
a(t) = [ G(t-t")dk(t")

— ur

Increasing frequency,  [rad/s], Deborah number, A

A.C. Pipkin, Lectures on Viscoelastic Theory, Springer, New York (1972§

Linear Viscoelasticity & Ellipses

Mii

Y(t)=7yqsinwt

N

* The equation for a linear viscoelastic response can be re-written
(by eliminating time t) to show that the Lissajous figure for stress
is elliptical when represented vs. shear strain or shear-rate. (‘j}

/ T=7,[G’sinowt +G” coswt ]

1.2 _2G'T 7/_'_,}/2 (G/Z +G//2) — (Gu,yo)2

Jules Lissajous (1822-1880)

Viscous dominated Viscoelastic elastic dominated
0 T(t (1)
G"y, G
/\ | : “ 1 /
() (1) / y(®)
6—90° 90°>6>0° 6—-0°

»  For further reading, see Wikipedia, Wolfram Mathworld or http://ibiblio.org/e-notes/Lis/Lissa.htm

(¢) G.H.McKinley/MIT
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Nathaniel Bowditch (1773-1838)

*  “I have now traced the mathematical analysis and experimental
illustration of the Lissajous curves from France to Gt. Britain...to
their home in Salem, MA. The so-called Lissajous curves are the
Bowditch curves...They will continue, probably to be called the
Lissajous curves. But their history should be known and will be
known; though it is not necessary for the reputation of the self-taught
mathematician, Dr. Nathaniel Bowditch”...

J. Lovering, Hollis Prof. of Physics, Harvard College “Anticipation of the
Lissajous Curves”,
Proc. Am. Acad. Arts & Sci. 16 (1881).

«  Originally published in N. Bowditch,
Mem. Am. Acad. Arts. Sci 3, 413-436 (1815)

http://en.wikipedia.org/wiki/Nathaniel _Bowditch

In 1787, aged fourteen, Bowditch began to study
algebra and two years later he taught himself
calculus. He also taught himself Latin in 1790 and
French in 1792 so he was able to read mathematic
works such as Isaac Newton's Philosophiae Nature
Principia Mathematica. At seventeen, he wrote a
letter to a Harvard University professor pointing
out an error in the Principia....

Fig. 3. Tracings of drawings of the orbits of two mutually orthogonal
oscillations, published by N. Bowditch (Ref. 3). Drawings a, b, ¢, and d

A.D. Crowell, Am. J. Phys 1981

Tools for Analyzing Nonlinear Oscillatory Rheology Ill@l

» Pipkin Space Pipkin, 1972
« Bowditch-Lissajous curves W. Philippoff, Trans Soc. Rheol. 10, 1964
Dealy & Wissbrun Melt Processing 1990; Giacomin & coworkers

* Fourier Transform Rheology Dodge & Kreiger, Trans Soc Rheol 1972;
Willhelm et al., Macromol. Mater Eng. 2002

Presentation of the Bingham Medal to i Curves Cho. Ahn et al.. JOR 2005

Wiladimir Philippoff VIBRATIONAL MEASUREMENTS 3

E. B. BAGLEY, Conadian Industrecs Limited, MeMasterville, Canada

is outstanding cont

i
to the phenomenclogeal rheole
viseoslastye materials.  His dedina-

o experimental rheokoy

period of slmast thirty ye

heory without experiment and g 4. Resclvieg the noa-Newionias ording isto first and third harmonics
are eqqually steride.  Undismayed by with the electronic commpater.
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FT-RheoIog_Jy and LAOS

The picture:

Ganeriwala & Rotz, Polym. Eng. Sci. 27 (1987)
M. Wilhelm; Macromol. Mater. Eng. 287 83 (2002)

The data:

|
® Strain 10

|
r
|
|

|
Strain 0.1
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25

Time (s)
11 S/N>100,000: 11!
;é:‘ 0,014
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1E-6 T T T T T T T T T d
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Linear Viscoelasticity of Mucin Gels

* The linear viscoelastic envelope is determined
by performing an oscillatory stress sweep

Probing for linear regime at 1 rad/s ‘

(c) G.H.McKinley/MIT
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Shear Stress [Pa)

Mg 100-200Pa

contact

Elastic gel over a broad range of frequencies: & = (kzT /G’

Miles & coworkers =%
Biophys. J., 2002

)1/3 = 30nm

’ Frequency sweep at 5 Pa stress amplitude ‘

1000

Poooooeopopoopopat®

Angular Frequency [rad.s”|

2cm steel plate, T=22°C, 200pm gap

Ewoldt, Clasen, GHM; Soft Matter 2007

10
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Linear Viscoelasticity of Mucin Gels

. . . . . Miles & coworkers =%
* The linear \_/|scoelast|_c envelope is determined Biophys. J., 2002
by performing an oscillatory stress sweep

+ Elastic gel over a broad range of frequencies: &= (kBT/G’)”3 = 30nm

’ Frequency sweep at 5 Pa stress amplitude ‘
G*(n) o L
Gm .
llll.llll...llll.l.
I
1 T
o TQL‘TI,’JLTLjhujLJr_”_“
()
10 —
B Lo e
‘ T‘) < Tyvcld

1 i . L
0.0 01 1 0 100

Angular Frequency [rad.s”|

+
Full reconstruction

——n=1

2cm steel plate, T=22°C, 200um gap

—+—n=1+n=3
—— Raw Data ‘*‘*‘*“T::(;A»uuwu‘@‘ . | |
woldt, Clasen, GHM; Soft Matter 2007
H . ) I - -
Physical Interpretation of LAOS Deformations i

«  General Fourier decomposition 7 =7, 2 G cos(nwt)+ G, sin(not)
n odd
A New Approach
» Consider strain and strain rate as independent
orthogonal inputs

Cho, Hyun, Ahn, Lee, J.Rheol. 49 (2005). y(1) = %o sin ot 9(1) = (yow)cosa)t

=v x(t =y,y(t
«  Decompose output stress using symmetry arguments Yox(t) > Tox(0)
into ‘elastic’ (x) and ‘viscous’ (y) contributions

« Point group symmetries & Frieze group analysis
Rogers & Vlassopoulos, J. Rheol. 54 (2010).

* Represent the unknown material response or
Transfer Function in terms of Chebyshev polynomials
inxandy:

N N
T(f;(UJ’o ) = Tojastic (Y(l)) + Tviscous (y(t)) =%o0 2 eiTi (')‘) + ’Ysz ViTi (y)
i=l1 i=1

R.H. Ewoldt, A.E. Hosoi, GHM, J. Rheology 52 (2008) 12

(¢) G.H.McKinley/MIT 6
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The Benefits of Chebyshev* polynomials

Ts(x) =4%° -3x
Tal) =8x*-8x"+1
Ts(x) = léxs_—Z[]xs_ +5x

(t=3;z=wt)

* Also transliterated as Tschebychev
* PhD Students of Tschebychev include Markov, Lyapunov...

Example: T3(cosz)=cos3z= 4cos’z—3cosz

N N
T(ﬂw,?’o ) = Toastic (’)/(Z)) + Tyiscous (’)/(Z)) =7%o 2 eiTi (x) + Ysz ViTi (y)
i=1 i=1
mathworld.wolfram.com BENEFITS
Tdx) T Ty
' 3 .+ Chebyshev polynomials are orthonormal and offer near-
optimal polynomial interpolation
\y » The Chebyshev coefficients (v; & e;) have physical
interpretations with respect to familiar rheological concepts
0 0.5 such as shear-thinning and strain-stiffening
.5 » Temporal response can always be reconstructed using
identities for Chebyshev polynomials """ """
_ . il
Tt = 1 T;(x)=T;(sinwt) = (1) sin(ict)
Ty(x) =x T,(y) = T;(cos @t ) = cos(ior)
T =2x-1

E
E
é

Stress T [Pa]

N

At 7 G,=10Pa 1

Example: Nonlinear Elastic Solid

* LAOS for nonlinear elastic solid
= Strain-stiffening modulus:

T=G()Y

* Higher order terms are mutually orthogonal...

| 10={G,+ G5 (r0)/r*) [y sinor |

7 G, =02Pa

Y [

Material Moduli:

Linear elastic limit

’ 3
q=G =g +_[7/_2

1.0

0.0

T

strain

Chebyshev Decomposition

. 7_(; =15 ]
N 4 n
C N ]
: Telastic = Y0 ZeiTi(Xz
- i=1 —_
I — ]
i 1 [P R B B
0 1 2 3 4 5

Order, n

2
1
e3==G3'= +—[%J 83

Direct measure of the nonlinearity

"G =g +8:(v/r*)

14

(¢) G.H.McKinley/MIT
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Additional Physical Quantifiers of Nonlinearity

Strain-stiffening index, S
= G,/ : small-strain (tangent) modulus
= G,': large-strain (secant) modulus

dt
G, =—-| =e¢—3e+5 +.= % nG G’
d'}/ n=odd " T il A/[, ,
y=0 7 2 GL
T n-1)2 /
G =— =ete te +.= X G;(—l)( ) "
Y=y, n=odd . :/ . v
, , 2 nGl /
S = GL GM =1- n=odd " — 463"' /,Gz
Gz 2 G/ (_1)("71)/2 61 = 363 P 5@5 ‘L' ///
n=odd " [ ] ’ - G’
/ o
= § =0 for linear viscoelastic material — 4
= § < 0 for strain softening -’/
= S > Q for strain stiffening

Ewoldt, Hosoi, GHM; J. Rheol. 2008 15

Ewoldt, Hosoi, GHM; J. Int. Comp. Biol . 2009

. . . ir
Example: Evaluating Measures of Nonlinear Moduli I"lii
=
100 — : ) P —————
(a) Linear (b) Nonlinear
viscoelastic 400 f  viscoelastic
s0f ] Y
200 | G/
v - G'.u/ _.,’ G
o 0 i 0 1
H T 200}
50) ]
o (total) -400 F _";ﬂolld!l‘ ‘
----- o (elastic) - ] (elastic)
-100 L= 1 . -600 farariiagalt $oirabingst
-0.5 0.0 0.5 -4-3-2-101 2 3 4
r1-] 7 [-]
Snail Pedal Mucus 7o =05 | | 7=32
Roughened Plates 123 G [Pa) | 121 (prior standard)
T=25C 121 Gy, [Pa] 59.1 tangent, minimum strain
123 G; [Pa] 157 secant, large strain
122 Gy [Pa] 580 tangent, large strain
+0.4% e /e,*100 [%] | +23.8% intra-cycle elastic nonlinearity

(¢) G.H.McKinley/MIT
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Rheological Fingerprinting of complex fluids

" " . ir
Example: Wormlike Micellar Fluid I I"
* 100 mM CPyCI/50 mM NaSal: A useful example because the linear viscoelastic
envelope is almost perfectly described by a Maxwell model
//>’ﬁ\\\‘ r\\\\‘ - // r‘\ - //"i
i ] faf i ¥l .- /B LA
0] i1 L= W 1
"\ g O e ~t $7d
-3 - - - - - Strain (x)
—_— < —_— > Y =7, sinwt
e 1/ 3 2 i \') : /// /) E //}”7 ’
) 1S - 1./ J 13 / ¥ 4
S 3.0 i /‘l i [ iw / / i //
= A 4 N T G - {:/
[} 5 T — T
g R - ﬂ
= X = = -
c /4 £ /-/ ) // g T /A total stress
= 1/ - ] ! i / / , . y/ ’ ”
£ 10| i ,J f "[" / AP I i /,«\T () +77(y)
N 8\ / s i wl/ S
" \\‘// o VRS L,// avly
I —— — — Elast’lc stress
e/ \ . /' ) R 2 / / . /;;, T (X)
[ S L./ / L. i, 7/
0.3 3 [ /J ! ( J of ! // ,/ ! ) /; ;
PAIAN \\A”—’ NS u’/‘ L/ (o ‘ “‘/,‘/I’
0.1 0.7 3 15 18
Frequency o [rad/s]
(c) G.H.McKinley/MIT

8/11/12



Int. Congress Rheology - Lisbon 2012

Example: Wormlike Micellar Fluid (CpyCIl/NaSal)

Contours of the first harmonic component: the linear elastic modulus

10’

Contours of G,(®, Yo)

0
10
N 2
10 Gy =GR
i(@) 1+ (Aw)
B
10
0 1
10 10 o
® [rad.s'l] 19

. . . hir
Example: Wormlike Micellar Fluid I"lii
* Rotate by 90° (x = y) to view ‘viscous stress’ contribution
g » / g » //ﬁ} = . 7]
i / i1 7 il | &
10/ 11/ 7 11 /B
Ll / L Lt
L/ L// N
' ® ot - Shear rate (y)
— 7 < . — — Y =7, coswt
_|4 & // 4 /’ " /
o I !, ! / 1.
=30| | 1] 7 i Y 11
S W - /,‘// — T
E ...... i N S -
c 1.0 L/ 1./, i, | 4| \
g N s s
) e = s * R Viscous stress
g I el T 2 T'(x)
1 g 47 ; I y / /,/' g I “,/ / ‘! 3 /
03 |1 # W% I /I 1} '
“al Saif S L > 2al\
4 - S 3
0.1 0.7 3 15
Frequency w [rad/s] 20

(c) G.H.McKinley/MIT
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For a discussion on “loops” see Ewoldt & GHM.,, Rheol.Acta, 2010

. . . v
Example: Wormlike Micellar Fluid I"lii
* Measure of viscoelastic nonlinearity: v, —
7, =YolaT () +e;T; (x)...}+(y0w){v1ﬂ(y)+@3@.}
] .
10 ' T 1
0
0 0.5
10 ¢ 0
[Pas] .
a2 X v a.s
10 S :
0 -0.5
-2
i W
0 L 1 /— '1
0 1
10 10
® [rad.s"] "
. [Hu
Phase Plane Portrait IMii
* The material response studied in this example can also be compactly
represented as three-dimensional trajectories in space:
Q {x(t) = strain, y(t) = shear rate, z(t) = stress}
40—
30
204
T 10
[+
g 04
& -104
-204
304
-40)
-10
-15
Strain-Rate [s"]
Strain [-] »

(¢) G.H.McKinley/MIT
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Fora

Phase Plane Portrait

* The material response studied in this example can also be compactly
represented as three-dimensional trajectories in space:
a {x(f) = strain, y(t) = shear rate, z(t) = stress}

Stress [Pa]
T

-40)
10

Strain-Rate [s"]
Strain [-]

discussion on “loops” see Ewoldt & GHM., Rheol. Acta, 2010

23

Stress [Pa]

LAOS Measurements of Mucin Slime Film

Progressive transition from linear viscoelasticity to nonlinear viscoelastic solid
Strain-hardening at large strains enables traction and adhesive locomotion
a Common feature of many biophysical gels (actin, vimentin, vinculin, collagen,...)

LA S S S S S S S S S Sy S S S e Sun S S S S S E

Featureless

600 [ 7]
Pedal Mucus from Leopard Slug /] in SAOS!
| | Stress Sweep | = e S—
400 11 5=0.5 rads O~
200 |- AV v
0
-200 |- 77 / /
[ b
-400 |- | : '
| / ’ 2cm steel plate, T=22°C, 180um gap Ts. S o8 02 od
-600 |-/ -
¥ s goesy 0 g P PP i
-10 -5 0 5 10
Strain [-]
Ewoldt, Hosoi, McKinley, Soft Mat. 3(5) 2007. 24

(¢) G.H.McKinley/MIT
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Using LAOS to Evaluate Constitutive Models I"lii

+ Use LAOS fingerprints to evaluate nonlinear coefficients of constitutive
models for complex fluids and compare with experiments

U The Q-Parameter (Hyun, Wilhelm)
102 —‘—‘—!‘Q—'—'—.—. -
Iy - o ]
Jim 2= lim 1y = Q@ +00) 5 [ e .08 b .
0 1 0 'a)' - ‘ ° 4
, 3 2 § [EE | caaneoee®, ]
Remenmber. SINX =X —3 X .= I3 ~ X 5 t . ".3.;. 4
o
: L
Q Loss of phase information... ) PP at w2r=1radls, 180°C 1
(also have to monitor phase angle &) PN AN .
10°

Strain amplitude (y,)
I3 ﬂe% I (v3a))2 !

2= - Commercial PP (linear chain structure)
1 2 2
1 e + (o) Sample> Mn) Mw) MWD)

PP-A 106k 460k 4.3 Linear

» Other general representations of PP-D 37k 270k 7.3 Linear
linear and nonlinear viscoelastic PP-E 50k 240k 4.8 Linear
response: R'(®,7y), R"(®.7,) PP-F 57k 230k 4 Linear

(Rogers, JoR 56(5), 2012) PP-G 76k 220k 3.9 Linear

K. Hyun, M. Willhelm; Macromolecules 42 411 (2009) 25

The Reptation Model in LAOS IMii

Behavior of Concentrated Polystyrene Solutions in
Large-Amplitude Oscillating Shear Fields

DALE S. PEARSON and WILLIE E. ROCHEFORT, Bell
Laboratories, Murray Hill, New Jersey 07974

04y (t) = ¥o|Gy(w) sinwt + G, coswt)] + yH{Gy(w) sinwt + G, coswt
+ Glylw) sindet + Gy cos3we] +0(v) (14)

where
G' ._E_MZ .L _—.j_wr __L%’r “5.)
BT TN, pamaxipt ot + el pt bt
3T B wry _ wrg )
G 14 N, ,Eu? 44 wird p‘+4w’ri} (18b)
Gpallhl o 8 [ o] G Sl ) (160) "

28 N, pE‘r’p’ ‘+“’z’i-P‘+4ﬁ;‘fi p‘+9w1ry
. ST _ 8 wry vy s
el & 8 _

n mN,,;t“.z[,,c.wz,; Py ey ML ‘C-/

All the sums in these equations can be evaluated, Jeaving analytical ex . G" C

~

for G3; and G (see Appendix A).

Journal of Polymer Science: Polymer Physics Edition, Vol. 20, 83-98 (198:
© 1982 John Wiley & Sons, Inc. CCC 0098-127 26

(¢) G.H.McKinley/MIT 13
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The Reptation Model in LAOS IMii

+ Evaluating the Q parameter

L0210 S a0 i 804l M e B 410 M B )L e e Al eean m R dd)

for the DE model gives: i 1
. 1 2 0 g E
lim QO (a)) = —(/ldw) o 3
®—0 3 [ . ]
Reptation time - @ i - 76K R
e - ~y— 100K 4
—— 220K
0E e i 7 L e E
o 4 A CB22(624K) 7
- 2 8 C632(913K) ]
L ® C642 (1630K)
AL AAsiiul Adasnal 4 2 sinil A assaul A aasaul A A ALAL
107 10" 10 10 10¢ 100 10¢
a,m [rad/s]

Effect of Chain-Branching
on Nonlinearity in LAOS

O Comb PS with entangled branches displays two relaxation processes, one
corresponding to the branches’ disentanglements and one due to the backbone chain.

K. Hyun, M. Willhelm; Macromolecules 42 411 (2009)
K. Hyun et al. Prog Polym Phys. (2011) 27

Comparison of LAOS Data with MSF Model I'lii

* Molecular Stress Function model of 10"+
M.H. Wagner & coworkers '

Chain Chain -
orientation stretching — 102k
G ® ! RS A @=191/420 (DE)
/ ol —-—- a=5121, p=0 (DEIA
L. = 33| 1 2 [ — a=sm.g=lrm(un. .’)\ASF)
3N=17 170 =< (o —ﬁ)yo sl —— a=5721, B=0.12 (MSF) il
Gl | L a=5/21, p=1/5 (quad. MSF)
.I(I)Al " " l(l]u " Sl bk ."I)‘
 [rad/s]
. 3 > | I ' - '
= — —_ [ mm—— All Relaxation Modes(a=5/21, $=0.18)
al)ino QO (a)) 2 (a ﬁ)(ldw) Tcrm;:n:nulu:‘l ‘n i c;i‘:xlcs of Backbone and B
_ S
o =5/21 : Doi-Edwards; IAA
[}=1/5 :Quadratic MSF v
|0»4_...|‘ PR | TR | PR | " ......,l, )
10+# 107 10° 10! 10+
Moderate Amplitude Oscillatory Shear (MAOS)! o [rad’s)
M. H. Wagner, et al.; J. Rheol. 55 495 (2011) 28

(c) G.H.McKinley/MIT
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Fluids with Yield Stresses/Critical Stresses |'|!I

How “yield-stressy” is a given fluid?

Most common rheometric tests
+ Steady flow: steady state nonlinear viscous properties  1(})

«  Thixotropic loops: time-dependent viscous properties  1(7,,),1(Vsoun)
» Linear viscoelasticity: G'(w), G"(w)

A more-complete characterization?

» Large amplitude oscillatory shear (LAOS) systematically spans the timescale and
magnitudes of deformation

» Probes time-dependent nonlinear viscous and elastic properties

» Connects steady flow viscosity, linear viscoelastic moduli, and nonlinear viscoelastic
properties

Carbopol Gel Oil-based Drilling Mud (Invert Emulsion)
W. Hartt, P&G J. Maxey, Halliburton

29

Ewoldt, Winter, Maxey, McKinley, Rheol. Acta. 49(2), 2010; Dimitriou et al., JoR 2012 submitted.

Stress-Controlled Experiments: LAOStress Illll

« For many foods and consumer products it is more common to perform stress-
controlled experiments.

» LAOStress is a great experimental methodology to probe differences between
yielded/unyielded regime as well as limitations of constitutive models
« Decompose strain into an elastic component and a viscoplastic component

a Describe in terms of models that naturally capture ‘sequence of physical processes’
for elastic strain, yielding, viscoplastic flow

Normalized Input

)
sinusoidal stress: ¥ =——

To

= coswt

Fourier series representation of strain:

yY()="71, 2 J}, cosnwt + J; sin nwt
n odd
Chebyshev representation:

7.()=7y 3, Jjcosnot =1y ¥, c,T,(x)

nodd nodd  compliances

7p()=—T7y z nwJ, cosnmt =T, 2 ¢,T,(x)| 200 100 ) 100
nodd nodd Fuidites Shear Stress [Pa]

Lauger & Stettin, Rheol. Acta 2010
S. Rogers & coworkers, J. Rheol. 2011, 12 30

(¢) G.H.McKinley/MIT 15
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The Basic Anatomy of a Lissajous Figure in LAOStress III@'

* How do | describe it quantitatively?

» Shear strain and shear rate are no longer orthogonal variables
* How do | traverse this trajectory in 3-dimensional space?

* Inputis an oscillating stress field 7(t;w)=17,coswt => output is the strain

Y(t;0,7y)

The Bingham Model in LAOS | § |
/7 e S
1 ¢ )
;!5 0.5
-0
-0.5

quantifying nonlinear elastic behavior

1oF T r T .
’ (1y
Ju = it
sk at J
£ £
g o 1 &
w w
=T,
St ;
i & Carbopol 901
-10x10”°F N N L b " e 5 % .
-2 0 2 4 -100 -50 0 50 100
Stress [Pa] Stress [Pa]
, , % =4Pa | 7, =100 Pa
Nonlinear compliance measure: = =
(non-locally computed!) 29 x10°% | Ji (Pa™) 5.7x10
, d -3 1 -1 -3
7= e 3ei 45|29 X10 | Ji (Pa™) 7.0 x10
dr|._ 29 x107* | J; (Pa!)  13.9 x1073

 For yielding materials, elastic LAOStress measures are typically more effective at

« Typical yielding material retain some (measurable) elasticity even under flow

Lauger & Stettin, Rheol. Acta 2010; Dimitriou et al., JOR 2012

: 05’ g
- =
0.5 . P
Yos = 08 B
X =sin(e ) o —_—
strain Shear rate
Ewoldt, Winter, Maxey, GHM, Rheol. Acta. 49(2), 2010; Dimitriou et al., JOR 2012 submitted. 3
Graphical Definitions of Nonlinear Compliances |'|!1I
Linear regime 1< T Nonlinear regime 7> (N

32

(¢) G.H.McKinley/MIT
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LAOStress vs. LAOStrain

* In the linear regime the two techniques yield the same information
O Linear viscoelastic moduli and compliances are interchangeable G *(w) J *(w)=1

—_—
=
'

Stress, o [Pa]

15

T T

S¥an tentiol
— Svees contro

0.004 0.000
Strain, y

0.004

Rheological Transformations

Spectrum
Calculation

Direct
Conversion

Spectrum

J(®)

«———Schwarzl Interconversion.__.....

Spectrum Interconversion

Calculation _,

Spectrum
Calculation

Hopkins-Hamming
Method

Spectrum
Calculation

{0

J(@) |

J. D. Ferry, Viscoelastic Properties of Polymers (1980)

 Energy dissipated in cycle (per unit volume) is
always represented by area enclosed by the
corresponding Bowditch-Lissajous curve:

E;=$t)y(t)dr

33

LAOStress vs. LAOStrain

* In the linear regime the two techniques yield the same information
O Linear viscoelastic moduli and compliances are interchangeable G *(w)J*(w)=1

....this is NOT true in the nonlinear regime!

—_—
=
'

15

Stress, o [Pa]

S¥an et
— Sveer controd

0.004 0.000
Strain, y

0.004

(b)
100
& or

e
o T

8
& sf
1004
-6

* Energy dissipated in cycle (per unit volume) is
always represented by area enclosed by the
corresponding Bowditch-Lissajous curve:

2 0
Strain, y

Ey=r)yt)dr

34
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LAOStress: Yielding in Three-Dimensions I"lii

Visualize the yielding surface as a function of stress amplitude and frequency
0 Remember shear strain and shear rate are no longer orthogonal!

Carbopol 901

Strain Stress [Pa] 3

LAOStress: Yielding Signature in a Lissajous Figure III"

Visualize the yielding surface as a function of stress amplitude and frequency
a Also: remember shear strain and shear rate are no longer orthogonal!

Elastic deformation Carbopol 901

Viscoelastic solid

(c) G.H.McKinley/MIT
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Bowditch-Lissajous Figures in LAOStress I"lii

» Help visualize the transition between an viscoelastic solid below a critical stress to a
visco-elasto-plastic material at high stresses

« Yielding transition is time-scale dependent

w =5 rad/s:

7, [Pa]

7, [Pa] carbopoioor @
g 4 " NF e H s ¢ b
200] ()OO QIO §of
NN A e ) ) * ok
10| L IC I AL AL 4
50 // / 7 7 /7 P W ey Shear Stress fal N
> % - Quantify using corresponding Jir = HElr=o
20| 7 // y 1 71 nonlinear compliance measures: 7oy
, y ‘ k=T
& £ /-//‘{ //"/ /// H fi X ! Al L]
10 A ./" /,’/ ’/ 3 .,,/ 1610 © L' Cartopal & rdie
s 2 . B 141 ~ - clstic Harschl- Bulkiey 1
y S / e 12f -
5 // yd / A /’/ o) 10k A
7 7 '® ) o
2 // / / / S & e Work softening
H =y ok
-
1 L
/’/ / / / / :; - o AT RC o g = —
02 05 2 5 % o 00
o [rad/s] Stress [Pa] 37
. . i ir
Using LAOS to Fit Constitutive Models I"lii
.

« LAOStress tests provide a systematic test protocol for fitting model parameters in
visco-elasto-plastic constitutive models

- Yielding is a gradual (freq. dependent) process! Energy Dissipation During a Loop

Example: “Kinematic Hardening (KH) Model” 2n/o I

S EE e E,= ], wdi=n
200 \__J \J \J \J
w L JE ISP :
50| G S S
w| M F :
10 / / / / / i
s\ S S ]
1 % / / / / Stress Amplitude, 1, [Pa]

02 05 1 2 5 Data: Carbopol 901; T = 25°C, 25mm C&P
o [rad/s]
G =350 Pa; k=26 Pas"; n=043;¢=12; C =540 Pa. Dimitriou, Ewoldt, GHM JoR 2012 submitted. 38
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What’s Going On Inside? I'lii

Steady state flow curve
ket

Shear Rate [s ]

™ T
T=25°C
AA
— 10F ‘AA N
© A
(=9 A
[a— A
A .
§ A Shear-banding
-2 regime
w A
A
Adasal A V! ul
0.01 0.1 1 10

In-Situ Rheo-PIV, Rheo-PTV, Rheo-NMR, Ultrasound...

0 Validate the assumption of homogeneous
shearing flow

a Investigate slip at boundaries
Q Investigate internal fracture/’shear-banding”

Rheo-SANS, Rheo-XRAY...

0 Investigate deformation of microstructure and
compare with microstructural models

a Mapping of local concentration variations
under imposed steady shear

Challenge: achieve temporal and spatial resolution
of oscillatory flow dynamics...

Example: Model Entangled Worm-like Micellar Fluid
(CPyCl/NaSal) in LAOS

Rehage & Hoffmann, Molecular Physics. 74(5): 933-973 (1991) 39

Pipkin Diagram for LAOS of a Shear-Banding Material Illil

» Constitutive Modeling:

RheoPIV %
Moving
Plate

Shear
Band

ptationary
Plate

RheoSANS

Rogers, Kohlbrecher, Lettinga,
Soft Matter 8 (2012)

0 Rolie-Poly Model for monodisperse entangled polymer melts; Adams, Fielding, Olmsted
a Two-species VCM model, (& Larson PEC model) for micellar networks; Zhou, Cook, GHM

No Shear Banding

SosERy >

7 Be 3 argj‘-
Ae D aéio G
Cé
Shear Banding qe

Wi = (/'La))'yo o8 60»
L

o
s a0 8%

0 VoM
Linear Viscoelasticity o VoM
. PEC
s PEC
1w’ 0" 10’ DG 10 W'
Lo
G L. Zhou et al, JINNFM, 2011. 4,
0

(¢) G.H.McKinley/MIT
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In SAOS velocity gradient field is homogeneous as expected

Laser Prism Mount Iraraged whacdy pretle
'
i
09 .
\
08
Upper Quartz Plate 1
07 \
/ i
%08 '
fos \
=i <«Lower Cone - 1
204 \
'
03] A\
.
02| 1
o
3
om am am ] [0 o 003

eagNd vwloety (revs)

Large strain amplitude (yo= 500%):

Plano-Concave Lens

Rheo-PIV of WLM in Oscillatory Shear I"lii

Small strain amplitude (yo=10%): Vx(¥:1)= Yoo(y/H)cos o

Dimitriou et al. Energy & Fuels, 25, 2012 Dimitriou et al. Rheol. Acta. 51(5), 2013!
’ ’ |H=
Rheo-PIV of WLM in Oscillatory Shear I'lii

Small strain amplitude (yo= 10%):

In LAOS the velocity profile exhibits a kink in the center of the gap
Large strain amplitude (yo= 500%):

Asarmed whsciy protle

2 )
Ieaghd wwlecdy (1)

Dimitriou et al. Rheol. Acta. 51(5), 20142

(¢) G.H.McKinley/MIT
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o : : . ir
Shear Banding in Micellar Fluids - Nonlinear Regime I"lii
= — R
* Very pronounced banding and strong nonlinearities in stress signal
=>No slip condition preserved at the plate boundary by a transparent optical film
* Interesting dynamics can be observed in shear band structure & position
i T p— O, —-— S
Strain amplitude of yo = 3‘00 % (De =0.91, Wi =2.73) Band Dynamics
T v i~ i I
E E g
— S D kL
i g i i |
a g 5 ‘§ = i
N T e o e
Velocity [mm/s] Time [s] !
40— — : . 10 I
ot N g {2 Need to be careful in
T 20r s Interpreting growth of higher
= "’ | harmonics: they can arise from:
OF/ ..eaeeceeene- d .
ﬁ ' [-slipatthe plate/sample
22PN & ]l =4 — internal shear-banding/fracture
|1 T v;j:::g;g;? - e — true nonlinear rheol. behavior
"3 2 1 0 1 2 3 o 4
Strain [ ] Dimitriou, et al. Rheol. Acta. 51(5), 20123
Time-resolved Oscillatory rheo-SANS (tOrSANS) "

See ICR Presentation

“Understanding the Nonlinear Dynamics of

Polymer-like Micelles by Combined time-resolved
small angle neutron scattering (SANS) and large
amplitude Oscillatory Shear (LAOS) rheology”

Cl WLM, ® = 0.56 r

=
al

[y
aaaul "

-fofofaﬁo—ofo-o-ohc\o

ifn-n—&'—nfn-n-n_n\

o,

LAOS N

Dynamic Moduli, Pa

N.J. Wagner, A.K. Gurnon, C.R. Lépez-Barron, A. Eberle, L. Porcar
See also: Day of LAOS report; SOR Rheology Bulletin, July 2012

011 10

T T T T T

44
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CSI: Lisbon 1T
* CSI = Controlled Stress Investigation 45
CSI: Lisbon i

Queijo da Serra!

~
g
s -
) 00 4 e 3
L] n
e G¥*=T(n)Sw
s ()
n=1
0 T T
1 10

-1
Fractional Calculus for Power-Law Gels ~ Frequency, @ ([s ]
K. Song et al. Korea-Aust Rheol. Journal, 18 (2006)
A. Jaishankar & GHM, Proc. Roy. Soc. A (2012), in press

W e nect Tve

» Cheese: the famous
“Queijo da Serra”

* LVE: Very close to a
critical gel with G’ = G”

¢ What about the
nonlinear behavior?

» Use LAOStress to
study it...

46

(c) G.H.McKinley/MIT

8/11/12

23



Int. Congress Rheology - Lisbon 2012

Nonlinear Rheolog_;y (LAOStress) of Queijo da Serra

Increasingly Bingham-like

7, [Pa]

o [rad/s]
» Material stress softens around 7= 10 Pa

7(t) = 10 cos wt

» Relatively featureless in frequency (critical gel)

100 Cl) () () O C ) y(t) =Y {r0J;, cos nwt + 0]}, sin nwt}
W OOO0O0 N

~ 3 ~ — D) M T| S~ n
A ALy
10 0 ﬁ////// Flery e
s | R LA LAET A '6‘1?:.;:;;";3:;;): S
2 O&&&& 'E o s 7 9 ForanlVvE
|G et
Wooooo |

05 1 2 5 10 1

10 100
Stress [Pa]

Onset of softening / yield
like behavior 47

Fingerprinting

* Plot contours of the nonlinear measures..
7, [Pa] . 2 100

\ N N 7 )
Wl YE2.CHC )
NI )
80 [l CP CAHCHCS Compute
) 3 s [
LAl B v P J'& Jy §
will #9 Pt g w
Al F
— - [
5 W E
2 // ,/ (-7 ) »
1 /&/ A 1
os| OO0
o5 1 2 5 10
© [redls]

Loss of Evidence...

'
Frequency, o [s ]

Stress Amplitude, o, [Pa]

¢ There was not much of it left

after a few days...

48
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I L
Summary of Rheological Fingerprinting I I"
« A physical interpretation and language for LAOS experiments in complex fluids
» Framework of elastic/viscous stress decomposition plus Chebyshev coefficents
Time _ Harmonic Sy
Series .. A T, (y) = cos(nat) Coefficients i ss
Yo® A
: - SR
N N
T(t;a)’/}/O ) = Telastic (y([)) + Tviscous (j/(l)) = 7/0 2 eiTi (x) + Vowz viTi (y)
i=1 i=1
Bowditch- . Measures of Nonlinearity
Lissajous -~ dt G, -Gy
' G, =—| =¢-3e,+5e +.. S=——7"
Figures M dy » 1 3 5 GL
7 ’
T _ N —Mwm
GZ: — =ete te +.. T= 7
’ n
= Y=Y,
» Also applicable to thixotropic and ‘yield stress’ responses: elasto-visco-plastic materials
Ewoldt, et al. Rheol. Acta, 49(2), 2010; Dimitriou, Ewoldt, GHM, J. Rheol. In prep

SAOS

LAOStrain, LAOStress

s -
£ el

ting §h‘e;ar ??

(c) G.H.McKinley/MIT

8/11/12

25



Int. Congress Rheology - Lisbon 2012

8/11/12

Acknowledgments

+ Thank You ICR!

Students

Dr. Randy Ewoldt

Dr. Trevor Ng

Chris Dimitriou

Thomas Ober

Laura Casanellas

Everyone in the NNF Group at HML
Collaborators

Carlos Barron-Lopez (Exxon)

Christian Clasen (Leuven)

Kwang Cho (Kyungpook)

Pamela Cook (Delaware)

Marc-Antonie Fardin (Paris-Diderot)

Kate Gurnon (Delaware)

Anette (‘Peko’) Hosoi (MIT)

Kyu Hyun (Pusan)

Simon Rogers (Julich)

Manfred Wilhelm (KIT)

Norm Wagner (U. Delaware)

Lin Zhou (CUNY)

Additional discussions
R. Byron Bird (Wisconsin)
Jeff Giacomin (Wisconsin)
Chris Macosko (Minnesota)
John Dealy (McGill)
Dimitris Vlassopoulos (FORTH)

o .‘.'f*

v Thonas

cMé Randy

Ober Dimitriou Ewoldt

o
o

MIT Hoodingg2009:

kraft foods

~ make today delicious

Schiumberger

Sponsors
Chevron Energy Technology Corp.
Kraft Foods
Procter & Gamble
Schlumberger Foundation
National Science Foundation

Chevron

e

Acknowledgments

I"ii

¢« Thank You ICR!

(¢) G.H.McKinley/MIT

12:45 am Lisbon, Aug 10, 2012!

) Randy Ewoldt
Chris
Dimitriou Thomas
Ober

Laura Casanellas

26



Int. Congress Rheology - Lisbon 2012

MITlsos

MITlaos

g Four Tiaret o RYectgn, Ovipes Dacarmostion, ael 2berred « WA

10 9W (ENTEN PPt wET Lavgs 2egsoe Doty Shaw (L0S5) lT
Data Input
| Choswe Deta | File Nama: X005 1r 296 S S0%0
I PresrwDen | PIRNAmE 1 Rauwchisves/ MR- Sreknes
foget Vartables Save Panel
Fregeescy vads) 1 Bagmng of sae 1N name
= 035 Wil e aadad N aach e ek
Cohwnd rer
1 Cwww - ey 20w (6 Wy vy e
O ey B - 3 ffeved 3
| Cowmee =
0 oon Stress. 3 v ™ -

Ovee @ Tame

Seve Data Plex | Cumborms Dt Fie Saving Opties

FORS ka0 Tews VEChN T OMB & £t ety svenly 2pa0n)

Which pan of your dita would you bk 10 proceas?

dect Part of Dute | Btsring Port

7] Same Nigures | oostvesze e Sy

Endng Pom

=

Strees Filtering Sesothing

Tive Hgvast Hes P 10 Convadse -
A0 resonanckon
nimads
Partz par Gusrter Cycle I Paurier-
Trarafoen recartnuetan s

Nymber of Cycles Seleriedt

| Vhew 17 Specturs o Zhves |

Do) e 100 V00

MITlaos Matlab program available for use by anyone

contact mitlaos @mit.edu
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