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0. Lecture overview

1. What is rheology?

2. Rotational rheometry

3. Linear viscoelasticity

4. Application examples
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3. Linear viscoelasticity

Viscoelastic fluids/solids based on the memory view

Perfect elastic solid

Infinite memory

Perfect viscous liquid

No memory
Real fluid/solid

http://nhminsci.blogspot.be/p/glossary.html
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3. Linear viscoelasticity

Viscoelastic fluids/solids based on the energy view

Perfect elastic solid

Energy storage

Perfect viscous liquid

Energy dissipation
Real fluid/solid
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3. Linear viscoelasticity

5

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
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3. Linear viscoelasticity

Shear creep
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In a creep experiment, a constant stress is applied while the strain is 

measured.
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3. Linear viscoelasticity

Shear creep

Viscous material: shear with constant shear rate, no recovery

Elastic material: constant strain, full recovery

Elastic material (Hooke)
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Viscous material (Newton)
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3. Linear viscoelasticity

Viscoelastic liquid and solid
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Viscoelastic solid

Viscoelastic liquid

Shear creep
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3. Linear viscoelasticity

Shear creep

)( 0J),'( 0tJ r

Ultimate recoverable

Creep compliance
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3. Linear viscoelasticity

Creep curves of bread dough

5 Pa

10 Pa5 Pa

10 Pa
Strong dough

Weak dough

Starch

Gluten

Zaidel, Chin, Yusof, J. Appl. Sci. 2010Data Courtesy M. Meerts, KU Leuven



3. Linear viscoelasticity

Creep curves of bread dough

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.

StrongWeak Weak Strong
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3. Linear viscoelasticity

Step shear strain
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3. Linear viscoelasticity

Step shear strain

Elastic material (Hooke)
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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.



3. Linear viscoelasticity

Step shear strain

Viscoelastic liquid and solid
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Viscoelastic solid

Viscoelastic liquid

Relaxation modulus

First normal stress step shear 

relaxation modulus

In case of linear viscoelasticity: G(t) and G1 are independent of strain



3. Linear viscoelasticity

Small amplitude oscillatory shear: Modulus formalism

(Elastic)

(Viscous)

(Viscoelastic)

' "

0 sin( ) cos( )G t G t   =  + 

Applied signal: Material response:

G’: elastic modulus or storage modulus

G”: viscous modulus or loss modulus
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3. Linear viscoelasticity

Small amplitude oscillatory shear: Viscosity formalism

(Elastic)

(Viscous)

(Viscoelastic)

Applied signal: Material response:

’: dynamic viscosity

”: elastic part of the complex viscosity

)cos(021

.

t =

)sin(021 t = )sin(021 tGG  ==

)90sin(0

.

21 +== t

)sin(0  += t

 )sin()cos()cos()sin(021  tt +=

 )cos()sin( '"

0 tt  +=
' "

0 sin( ) cos( )G t G t   =  + 




"
' G
=




'
" G
=



3. Linear viscoelasticity

Small amplitude oscillatory shear: Frequency sweep

High frequency

Low frequency

1/average

G’

G”
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Frequency (rad/s

)sin(021 t =



3. Linear viscoelasticity

Small amplitude oscillatory shear: Strain sweep

Critical strain

srad /10=

A strain sweep allows to determine the linear viscoelastic region

Polydimethylsiloxane polymer containing 3,2wt% clay platelets

)sin(021 t =



3. Linear viscoelasticity

Maxwell constitutive equation
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3. Linear viscoelasticity

Maxwell constitutive equation: Relaxation modulus
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3. Linear viscoelasticity

Maxwell constitutive equation: Relaxation modulus
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3. Linear viscoelasticity

Maxwell constitutive equation in SAOS

λ = (λbrλrep)
0.5

Data Courtesy S. Van Loon KU Leuven
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3. Linear viscoelasticity

Maxwell constitutive equation: Relaxation modulus

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.



3. Linear viscoelasticity

Generalized Maxwell model

 G=
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3. Linear viscoelasticity

Generalized Maxwell model



3. Linear viscoelasticity

From discrete to continuous spectrum of relaxation times
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The relaxation spectrum H() is uniquely defined for a material

Droplet relaxation time



3. Linear viscoelasticity

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
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Once we know the relaxation modulus, we can determine the stress response to

any arbitrary flow history.



3. Linear viscoelasticity

Generalized linear viscoelastic model 
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The Maxwell model is one example of a class of linear viscoelastic models.
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3. Linear viscoelasticity

Morrison, Understanding Rheology, 2001

Ferry, Viscoelastic properties of polymers, 1970



3. Linear viscoelasticity

Frequency (rad/s)

340 Pa.s

1/average
Linear limit at

5% strain

Oscillatory shear rheology
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Both the average and the longest relaxation time can be estimated from the

small amplitude oscillatory data.

Linear limit at

10 Pa



3. Linear viscoelasticity

Creep-recovery

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

zero-shear viscosity.

Linear behavior limit between 10 and 20 Pa

0
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3. Linear viscoelasticity

Ninomiya and Ferry approximation

tmin / tmax

Stress relaxation

Oscillatory data can be converted into a stress relaxation modulus.



3. Linear viscoelasticity

Relaxation spectrum

A whole set of interconversion formula’s is available.



3. Linear viscoelasticity

Relaxation spectrum

The different linear viscoelastic tests contain similar information, 

but for a different time range.

longest 

relaxation time

= 4 s

( )s

( )( )H  −
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0. Lecture overview

1. What is rheology?

2. Rotational rheometry

3. Linear viscoelasticity

4. Application examples
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Relevant parameters

For m~0.01 Pas, s~10 mN/m, R~1 m  ~10-7 s 

For m~100 Pas, s~10 mN/m, R~10 m  ~10-2 s 

Hydrodynamic stress
Interfacial stress

Droplets deform at 
high capillary number

m

m

m

dp



=

d

m

4. Application examples

𝜂𝑚: 𝑚𝑎𝑡𝑟𝑖𝑥 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦

ሶ𝛾: 𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒

R: droplet radius

𝛾𝑆: 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛

𝜂𝑑: 𝑑𝑟𝑜𝑝𝑙𝑒𝑡 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦
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Relevant parameters

Hydrodynamic stress
Interfacial stress

Droplet retraction time, 𝜆

m

𝜆 =
𝑅𝜂𝑚
𝛾𝑠

4. Application examples

m
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Extra elasticity due to the interface 20% PIB in PDMS
Cone-Plate

Cardinaels and Moldenaers, Encyclopedia of Polymeric Nanomaterials, 2015

(19 16)(2 3 2 ( 1))

10( 1) 2 (5 2)

m p p pR

p p

 


 

+ + − −
=

+ − +

The droplet size can be determined from the characteristic relaxation time 
of the blend.

S

𝜆

𝜆(s)

H
(𝜆

)

4. Application examples
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Describing the extra elasticity with the Maxwell model
' ' ' '

int(1 )blend matrix droplet erfaceG G G G = − + +

G0 = 40.64 Pa
𝜆 = 0.805 s

R = 4 m

The interfacial contribution to the elasticity can be well-described by a one-
mode Maxwell model.

𝐺𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
′ =

𝐺0𝜆
2𝜔2

1 + 𝜆2𝜔2
20% PIB in PDMS

Cone-Plate

4. Application examples
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Movie 

Droplet deformation and breakup

4. Application examples

1

1cm

PIB suspension of 1wt% silica80°C
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Movie 

Droplet deformation and breakup

𝐶𝑎 =
𝜂𝑚 ሶ𝛾𝑅

𝛼

4. Applications 
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Movie 

Droplet deformation and breakup

𝐶𝑎 =
𝜂𝑚 ሶ𝛾𝑅

𝛼

4. Application examples
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Movie 

Link with interfacial rheology

G’

G’

4. Application examples


