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1. What is rheology?

2. Rotational rheometry

3. Linear viscoelasticity

4. Application examples




Viscoelastic fluids/solids based on the memory view

Perfect elastic solid
Real fluid/solid

Infinite memory No memory
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Viscoelastic fluids/solids based on the energy view

Perfect elastic solid

Perfect viscous liquid

Real fluid/solid

Energy storage Energy dissipation
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Definition of linear viscoelasticity

* Linear viscoelasticity indicates a linear relation between the stress and the
strain history

* This linear relation only occurs at small deformation strains

Use of linear viscoelasticity

* Allows to describe time effects due to intermediate behaviour between
viscous and elastic behaviour

* Is the limiting behaviour for all materials at small strains

* Linear viscoelastic behaviour provides insight in the material structure



Shear creep

Applied stress
2,5 _
2,0 1
T 15 Pres;cribeq 0 =0
@ 1 stress function T2 () = A
o I To — constan =
5 10 for creep b
0,5 1
0,0 . . . .
0 10 20 30 40 50
Time (s)
In a creep experiment, a constant stress is applied while the strain is
measured.
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Shear creep
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Viscous material: shear with constant shear rate, no recovery
Elastic material: constant strain, full recovery




Shear creep
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Shear creep Steady-state

compliance
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Starch

Creep curves of bread dough
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Data Courtesy M. Meerts, KU Leuven Zaidel, Chin, Yusof, J. Appl. Sci. 2010




Creep curves of bread dough

5 Pa 10 Pa
Weak Strong | Weak Strong
Bilux Bison | Bilux Bison
Jmar 110 Pa'] | 1.98 1.42 1.99 1.35
Jmaz 110~ Pa'] | 1.00  0.80 1.00  0.80
recovery |/l 50.6  56.4 | 50.3 594
n [10° Pa s 1.59  2.45 1.48  2.48

The dough with a larger gluten content shows a larger viscosity, which results
In less viscous creep. Hence, a larger part of the deformation is recovered.




Step shear strain 0 <0
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Step shear strain

Elastic material (Hooke) Viscous material (Newton)
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In a viscous liquid, there will only be an instantaneous stress peak whereas in
the elastic solid, the stress will remain constant.




Step shear strain

Stress (Pa)

Relaxation modulus

Viscoelastic liquid and solid
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In case of linear viscoelasticity: G(t) and G, are independent of strain




Small amplitude oscillatory shear: Modulus formalism
i

Applied signal: Material response:
(Elastic)
Y = 7o Sin(at) /2'27 G-y, =G-y,sin(wt)

(Viscous)

i (Viscoelastic)
T =1,SIN(wt + )

7, = 7,[sin(wt) cos(S) + cos(wt) sin(S) |
=7,+| G'sin(at) + G cos(at) |

- o
T=0"Y, =ny,0SIN(w-1+90°)

G’: elastic modulus or storage modulus
G”: viscous modulus or loss modulus
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Small amplitude oscillatory shear: Viscosity formalism
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Small amplitude oscillatory shear: Frequency sweep

moduli (Pa)
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Small amplitude oscillatory shear: Strain sweep

Polydimethylsiloxane polymer containing 3,2wt% clay platelets
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A strain sweep allows to determine the linear viscoelastic region




Maxwell constitutive equation
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Maxwell constitutive equation: Relaxation modulus

T+ﬂ%=n7
% Response to a stepstrain:
o=0G .
/1 Y =7, T+ A7=0
_J Fort=0 % __t

7(t) =7, exp(-t/ A)

G(t) = = =G, exp(-t/A)
7o




Maxwell constitutive equation: Relaxation modulus
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Maxwell constitutive equation in SAQS

G, G" (Pa.s)

100

10 -

A= ()\br)\rep)o'5

® Storage modulus G'
O Loss modulus G”
—— 1 Relaxation time Maxwell fit

0.1
0.01

01

.1

10

Frequency (rad/s)

no = 29.9Pa.s and A = 0.67s.
Data Courtesy S. Van Loon KU Leuven

100

Wormlike micellar
surfactant solution

' G.A°w?
G = —0
(@) 1+ A°w°
y G.Aw
G (w)=—2
(@) 1+ A°w°



Maxwell constitutive equation: Relaxation modulus
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Figure 8.4 Relaxation-modulus data at 33.5°C for a polystyrene of narrow molecular-weight distri-
bution, My, = 1.8 x 10°, 20% solution in chlorinated diphenyl; from Einaga et al. [72]. The data
are for small strains (y; = 0.41, 1.87) and are independent of strain. Also shown is a predicted G(t)
using the Maxwell model with A = 150 s and g = g /A = 2500 Pa.

Maxwell model predicts the correct trend of a gradual decay of the stress. However, a
single relaxation time is not sufficient to quantitatively describe the material behavior.




Generalized Maxwell model

N
Relaxation modulus for the — Me =
generalized Maxwell model Gt = Z t




Generalized Maxwell model
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Figure 8.5 Relaxation-modulus data from Figure 8.4 fit to the sum of four &(f) contributions
calculated using the Maxwell model with parameters Ay and gp = g /A¢ as indicated. The fit can be
made arbitrarily good by choosing to use more A and gg.




From discrete to continuous spectrum of relaxation times

G(t) = in exp(-t/A4,)

: g
G(t) = j F(1)exp(-t/1)dA

G(t) = T H(A)exp(~t/A)d In A
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The relaxation spectrum H(X) is uniquely defined for a material




Boltzmann superposition principle

= The stress in a material is determined by the entire loading history
= Each additional deformation makes an indepedendent and additive contribution to
the total stress

dr= Gdy

dy |
dr= G—=dt= Gydt
: dt 4

r(t) = j.G(t—t')y;/(t')dt'

Once we know the relaxation modulus, we can determine the stress response to
any arbitrary flow history.



Generalized linear viscoelastic model

r(t) = —jG(t ~t) 7;/(t')dt'

. G(t) = M _ G, exp(-t/A) Maxwell model
Yo

The Maxwell model is one example of a class of linear viscoelastic models.



Rheological Transformations

Schwarzl Interconversion

Ninomiya-Ferry Interconversion
Integration Integration

Relaxation

Spectru_m S pectru m Spectrum
Calculation T ‘ Calculation

Direct

. Hopkins-Hamming
Conversion

Spectrum Interconversion
p Method

Spectrum Retardation Spectrum
Calculation_ Spectrum Calculation

Integration Integration

Schwarzl Interconversion
Ninomiya-Ferry Interconversion

Morrison, Understanding Rheology, 2001

Ferry, Viscoelastic properties of polymers, 1970




Oscillatory shear rheology 340 Pa.s
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Creep-recovery

11 wi% PIB in pristane solution

11 wi% PIB in\ﬁristane solution

Linear behavior limit between 10 and 20 Pa
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zero-shear viscosity.

Creep-recovery allows to determine the longest relaxation time and the




Stress relaxation

11 wt% PIB in pristane solution
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Oscillatory data can be converted into a stress relaxation modulus.




Relaxation spectrum

c HA)o*A?

G = dln A ‘
(@) _J l+ao'ar =I (¢ —1)J(t)dt
0
G (@)= j HDOx 1107
v 1+ w27

G(t) = I H(A)exp(—t/ A)dIn A

Ferry, Viscoelastic properties of polymers, 1970

A whole set of interconversion formula’s is available.




Relaxation spectrum

11 wt% PIB in pristane solution
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The different linear viscoelastic tests contain similar information,
but for a different time range.
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Relevant parameters

Hydrodynamic stress
.Y

Nq: droplet viscosity Droplets deform at

high capillary number

Nm:matrix viscosity

y:shear rate
For 1n,~0.01 Pas, y.,~10 mN/m, R~1 um — t~107 s
For m,,~100 Pas, y,~10 mN/m, R~10 um — t~1072s

R: droplet radius

ys: interfacial tension



Relevant parameters

Interfacial stress
Hydrodynamlc stress

UmVA—\ )/S/R

R
Ca=n“y
Vs

Droplet retraction time, A




Extra elasticity due to the interface

20% PIB in PDMS
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The droplet size can be determined from the characteristic relaxation time
of the blend.

Cardinaels and Moldenaers, Encyclopedia of Polymeric Nanomaterials, 2015



Describing the extra elasticity with the Maxwell model

blend (1 ¢)Gmatr|x + ¢Gdroplet + Gmterface
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The interfacial contribution to the elasticity can be well-described by a one-

mode Maxwell model.




Droplet deformation and breakup
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Droplet deformation and breakup
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Droplet deformation and breakup
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Link with interfacial rheology
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