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0. Research topic 

Engineering polymer-based soft matter

Fundamental studies 
of morphology 
development in 
diagnostic flows

Microstructure-
function

relationships

Microstructure 
generation 

via advanced 
processing

Formulating multi-phasic materials and engineering their microstructure
is essential to integrate various functionalities in the materials of the future

Development of multiphasic 
materials with functional properties
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0. Lecture overview

1. What is rheology?

2. Rotational rheometry

3. Linear viscoelasticity

4. Application examples
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1. What is rheology? 

Science of deformation

and flow of matter

▪ develop constitutive equations (=f( ))

▪ measure/determine parameters in these equations

▪ link material behavior to microscopic structure

rein = to flow

(E. Bingham, Lafayette College)

Topics covered in rheology:

Macosko, 

Rheology Principles, measurements and applications 

1994

Predict material behaviour in 

complex deformation histories

.


=

.


=

: rate of strain tensor

=

𝜏 : extra stress tensor
=
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1. What is rheology? 

Fluid mechanics 

Applications of the laws of force and motion to fluids

 Often focus on simple fluids in complex flow conditions

Rheology

Study of complex fluids by using model flow conditions

Once constitutive equations and parameters are determined, flow of complex fluids

in complex flow conditions can be described and/or predicted
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1. What is rheology? 
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1. What is rheology? 

❑ Law of  Hooke

Stress   deformation 

❑ Material parameters:

* Elongation modulus: E (Pa)

* Shear modulus: G (Pa)

* E = 3G

Robert Hooke

1635-1703

𝜏 = 𝐺 ⋅ 𝛾

𝜏 = 𝐸 ⋅ 𝜀

Ideal solid: Hooke’s law
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1. What is rheology? 
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1. What is rheology? 

❑ Newton’s law:

Stress  rate of deformation 

❑ Material parameters:

* Elongational  viscosity: ext(Pa.s)

* Shear viscosity: (Pa.s)

* 3 = ext

Isaac Newton 

1642-1727

𝜏 = 𝜂 ⋅ ሶ𝛾

𝜏𝑥𝑥 − 𝜏𝑦𝑦 = 𝜂𝑒𝑥𝑡 ⋅ ሶ𝜀

Ideal liquid: Newton’s law
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1. What is rheology? 

Material rearrangement time  <-> Observation/process time tp

Silly putty

https://www.youtube.com/watch?v=sMKJvYSYiOs

Viscous or elastic behaviour occurs depending on the time scale
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1. What is rheology? 

Toothpaste

Viscous or elastic behaviour occurs depending on whether the applied 

stress exceeds the yield stress.

https://www.youtube.com/watch?v=LYssdQ-nqEo
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1. What is rheology? 

Shear thinning

The viscosity of the material decreases with increasing deformation

rate.

MIT National Committee for Fluid Mechanics Films
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1. What is rheology? 

Concentrated starch suspension

The viscosity of the material increases with increasing deformation rate.

https://www.youtube.com/watch?v=GorX5iVxHAw
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1. What is rheology? 

Elastic polymer solution

In addition to shear stresses, normal stresses can occur during a shear 

deformation.

Movie courtesy Jan Vermant ETH Zürich
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1. What is rheology? 

Rheology of interfaces

Plateau’s needle 

Experiment 1869

Similar to bulk materials, also interfaces can exhibit viscous and elastic 

behaviour.

MIT National Committee for Fluid Mechanics Films
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1. What is rheology? 

Process shear rate [s-1] Applications

Sedimentation 10-6 -10-4 Medicines,Paints,...

Leveling 10-3-10-1 Paints, inks

Draining under gravity 10-1 Emptying tanks

Extrusion 100-102 Polymer melts, Dough

Chewing, Swallowing 101 -102 Food

Dip Coating 101 -102 Paints, confectionery

Mixing and stirring 101-103 Manufacturing liquids

Pipe flow 100-103 Pumping, blood flow

Spraying, brushing 103 -104 Atomization, painting, spray drying

Rubbing 104 -105 Skin cream and Lotion

Injection molding 102 -105 Polymer melts

MILLING 103-105 Paints, inks, coatings

coating flows 105 -106 paper

Lubrication 103-107 Engines

Depending on the application, different rheological behavior of the same

material may prevail.

Processing of complex fluids: Characterization
𝜏𝑦𝑖𝑒𝑙𝑑 ≥

4/3𝜋𝑅3Δ𝜌𝑔

𝜋𝑅2
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1. What is rheology? 

What are the typical timescales of the process?

𝑊𝑖 =
𝑁1
𝜏𝑥𝑦

/ obsDe t=

These dimensionless numbers will determine the presence of non-linear

rheological effects (Wi) and viscoelastic time effects (De).

What are the typical strains of the process?

What are the typical elastic contributions in the process?

in steady shear
.

 

in steady shear

for simple VE fluid

.
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The relations between rheology and structure depend on the characteristic 
material class.

Dilute polymer solution Entangled polymer
(melt or solution)

Gel
(Polymer or particle)

Surfactant solution

Emulsion
(Liquid in liquid)

Suspension
(Solid in liquid)

Foam
(Gas in liquid)

Material fingerprint and link with structure

1. What is rheology? 
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1. What is rheology? 

Processing of complex fluids: Computation

PTT constitutive equation
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1. What is rheology? 

Processing of complex fluids: Computation

Figure Courtesy of L.J. van Galen and C.J.M. Hessels

Figures Courtesy R. van Gaalen N. van Rooij

P = 3000 Pa

L3 = 0

P = 3000 Pa

L3 = 2

L3

Q

Linear

Curved

Mass and momentum conservation are used
together with the constitutive equation.
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1. What is rheology? 

Reading materials

▪ Macosko: Rheology Principles, measurements and applications
=> rather mathematical

▪ Barnes: An introduction to rheology
=> very basic

▪ Morrison: Understanding rheology
=> covers basics till more advanced

▪ Larson: The structure and rheology of complex fluids
▪ Ferry: Viscoelastic properties of polymers
▪ Mewis and Wagner: Colloidal suspension rheology

▪ Dantzig and Tucker III: Modelling in materials processing
▪ Tadmor and Gogos: Principles of Polymer Processing

Rheology basics Practical rheometry

Material classes

Use of rheology in processing
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0. Lecture overview

1. What is rheology?

2. Rotational rheometry

3. Linear viscoelasticity

4. Application examples
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2. Rotational rheometry

Model flow conditions during rheometry: Simple shear flow

Gap height h

Area A

Displacement x

Velocity v

Stress: 𝜏 =
𝐹

𝐴 h

x
=Shear strain: Shear rate:

h

v

h

dtxd
=


=

/)(.



F

x

y

ሶ𝛾 =
𝜕𝑣𝑥
𝜕𝑦
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2. Rotational rheometry

Working principle of the intial stress-controlled rotational rheometers

Rheological behavior of fluids

The National Committee for Fluid Mechanics Films

1964
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2. Rotational rheometry

Current rotational rheometers
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2. Rotational rheometry

Stress-Controlled rotational rheometers

Axial bearing

Motor

Radial bearing

Optical encoder

Normal force transducer

Rigid frame

In a stress-controlled rheometer, the stress is applied and the deformation rate is 

measured. Stress and rotation are characterized on the same part of the rheometer.
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2. Rotational rheometry

Strain-Controlled rotational rheometers

Torque transducer

Motor

Bearings

Normal force transducer

In a strain-controlled rheometer, the strain is applied and the stress is measured. 

Stress and rotation are characterized on different parts of the rheometer.
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2. Rotational rheometry

Stress versus strain-controlled rotational rheometers

Stress-controlled rheometer Strain-controlled rheometer

+  Suitable to measure yield stress
+ Cheaper
+ Temperature control easier
- Inertia should be corrected for
- Friction of bearing should be corrected

for
- Limited short time response (feedback 

loop)
- Sample affects motor control

+   No corrections needed for inertia and

friction

+   Direct application of shear rates

(good short time response)

- More expensive

▪ Apply stress – measure deformation

▪ Actuator and sensor on one shaft
▪ Apply deformation – measure stress

▪ Separate shafts for actuator and sensor
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2. Rotational rheometry

Normal stresses: Definition

0

0

0 0

xx xy

yx yy

zz

p

p

p
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 − + 

σ

1 xx yy xx yyN    = − = −

2 yy zz yy zzN    = − = −

N1: first normal stress difference

N2: second normal stress difference

𝜎 i j

Direction of the stress

Plane on which the stress acts
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2. Rotational rheometry

Rheological material functions measured in simple shear flow

The material functions that can be determined in a shear experiment are the viscosity, 

the first normal stress coefficient and the second normal stress coefficient.

0

.

21

.

 =Steady shear: 
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2. Rotational rheometry

Initial observations of normal stresses

Rheological behavior of fluids

The National Committee for Fluid Mechanics Films

1964
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2. Rotational rheometry

Geometries for rotational rheometers

Plate-plate Cone-plate Couette
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2. Rotational rheometry

Rotational rheometer with cone-plate geometry

𝛾
.
=
Ω

𝛽

3

3

2

M

R



=

1 2

2 zF
N

R
=

M: torque

Ω: rotation speed
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2. Rotational rheometry

Rotational rheometer with parallel plates

𝛾
.
(𝑟) =

𝑟Ω

𝐻

.3

ln
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R d
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R d 

 
 − = +
 
 

M: torque

: rotation speed

If viscosity does not depend on shear rate:

𝜏𝜃𝑧 =
2𝑀

𝜋𝑅3
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3. Rotational rheometry

Comparison between geometry types

Plate-plate setup Cone-plate setup

+   Easy sample loading, even if high 
viscosity

+   Larger gap height possible (avoid
confinement)

- No constant shear rate in the sample

+ Constant shear rate in the sample

+ Small sample volume

- Small and non-constant gap

- Difficult loading of high viscous samples

Both cone-plate and plate-plate geometries are limited to relatively low shear rates.
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2. Rotational rheometry

Rotational rheometer with cup and bob

M: torque

: rotation speed

R: radius of the cup

R: radius bob

𝜏 =
𝑀

2𝜋𝜅2𝑅2𝐿

For narrow gaps (                      )99.0=
o

i

R

R







−


=

1

.
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2. Rotational rheometry

C

Video courtesy Randy Ewoldt – University of Illinois at Urbana-Champaign

https://www.youtube.com/watch?v=urGKnj5Qmhc

Can anything go wrong in rheology experiments? 
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2. Rotational rheometry

Can anything go wrong in rheology experiments? 

Use your eyes when doing experiments.

Randy Ewoldt – 15th European School on Rheology, Leuven 2015
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2. Rotational rheometry

Determination of the minimum measurable moduli or viscosity

Ewoldt, Johnston, Caretta, Experimental challenges of shear rheology: How to avoid bad data,

Complex fluids in biological systems, Springer (2015)

F M  =

Example: Cone-plate

3
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Data boundaries:
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2. Rotational rheometry

Ewoldt, Johnston, Caretta, Experimental challenges of shear 

rheology: How to avoid bad data,

Complex fluids in biological systems, Springer (2015)
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2. Rotational rheometry

Effects of inertia during oscillatory measurements

..

IM inertia =

)sin(0 t =

Torque in presence of inertia:

( )tIM inertia  sin2

0−=

strain stress

Inertia during an oscillatory measurements will lead to unphysical values of the phase

angle.
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2. Rotational rheometry

Effects of inertia during oscillatory measurements

Torque in presence of inertia:

( )tIM inertia  sin2

0−=

Ewoldt, Johnston, Caretta, Experimental challenges of shear 

rheology: How to avoid bad data,

Complex fluids in biological systems, Springer (2015)

2

00, IM inertia =

2

0
0 





I
F

Ginertia =

0

2

0



 IF
Ginertia =

After correction:

inertiasample GGG e+=

Inertia during oscillatory measurements will lead to a slope of 2 for both G’ and G” as 

a function of frequency.
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2. Rotational rheometry

Elastic instabilities and edge fracture

Kulicke, Jerebiern, Kiss, Porter Rheol. Acta 1979

2(1 )

critM
DeWi




−

0

s



=

Mckinley, Pakdel, Oztekin JNNFM 1996

Elastic instabilities occur above a certain Deborah and Weissenberg number.
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Edge distortions do not affect the rheological data in the cone and 
partitioned plate setup.

Morrison, Understanding rheology, 2001

Comb polymer
Cone-Partitioned Plate

2. Rotational rheometry

A cone and partitioned plate to avoid flow instabilities
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2. Rotational rheometry

Squeeze flow during loading may break down microstructure.

Time sweep directly after loading to verify loading effects

Macosko, Rheology: 

Principles, measurements and

applications, 1994

.

3

6 zrzu

h
 =

.

max 2

3 zRu

h
 =

Bird, Amstron, Hassager ,

Dynamics of polymeric liquids: Volume 1

1987

Vermant, Ceccia,  Dolgovskij, Maffetone, 

Macosko, J. Rheol. 2007

Clay 

nanocomposite

R

uz
h
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2. Rotational rheometry

Use of a preshear to erase the effects of loading

1

2

3

4

Reversibility of the breakdown – buildup process ensures absence of 

irreversible changes due to experimental issues.
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2. Rotational rheometry

Setting the conditions for the preshear and timesweep

Data Courtesy Y. Wang TU Eindhoven

5 vol% silica in PDMS

Preshear 1/s

= 62,8 rad/s

0 = 5%

.
1

max 3.14s −=

Time sweep to probe the buildup process should be in the linear region and

the shear rate should be lower than that during preshear.

0 sin( )t  =
.

0 cos( )t   =



2. Rotational rheometry

How about performing temperature ramps?

Motor

Torque +

Normal force sensor



About 3 m/°C

By including the correct thermal expansion coefficient of the geometry, the rheometer

can compensate for the expansion effect.


