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Overview

['Rheology Overview

AWhy and how to measure rheology

LRheoIogy and the Importance of Particle Properties

AParticle size
A Size distribution

Untroduction to Suspensions /
Dispersions

[Buspension Stability

AParticle Size

AParticle Loading Malvern @
AParticle Size Distribution J

U Experimental Examples

Malvern © 2017 Malvern Instruments Limited wWww.ma I.VE‘rn. com



Uf r gqgqg -Pfcmj mew®¢

ERheoIogy; from the Greek wordrheos & logos

A Rheos- stream current (i.e. flowing)
AlLogostsgd rstcx ne¢€

UIThe technical definition is:
A®Sgd r b tethmbidn andflow

UBase material property of a fluid/semsolid;
®sghbj_ ~sghm £ | d rtg akd
(Hm ogq bshbd hs hr trdc “r °

ALx | “sdgh’ k£ -
°will not pour
°is not stable
° will not spray
°is settling
° leaves trail marks
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What is Rheology at the Particle Level

Rheology can be considered the measurement cf
gives more rheology (over Newtonian behaviour)
A Viscosity is resistance to flow, more associated structure, more resistance
This structure is typically from (and molecule)
(at higher concentrations)
ABnkknhc k hmsdqg bshnmr+ dkddicsgnrs  shb+ gx

A Size (length),polydispersioty(MWD), shape, charge (zeta), volume fraction
A Rheology is a bulk material property, related to what goes into the material
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To Measure Rheology- Rheometer Principles

URheoIogy testing involves some standard variables:

A Shear stress: force (f or p) per area (a)
A Shear strain: displacement (u) divided by height (h)
A Shear (strain) rate: change in strain with time

UA sample sandwiched between two plates experiences a
strain or shear rate depending on the type of stress applie

UThe sample experiences a shear profile, and from this
typical material properties can be calculated

Top plate, surface
area (a) rotates

Viscosity (1) = ShearStress _S ith force ()
ShearRate ¢
Modulus( *): ShearStregs _S
Shear Strain g
LA
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Flow Curve Measurements ° Particle Association

B“ ®XHDKC RSQDRR
@ An ever increasing viscosity as the shear

rate approaches zero, i.e. a does not flow
/ solid like when stationary.

‘ ZERO SHEAR VISCOSITY

Sgd uhrbnrhsx ok sd
approaches zero, i.e. flows [iquid like
when stationary.

Log Viscosity

<1001 Rheometer measurement rangao_—_——= >
<= Viscometen—=)

Measurement range

10 Log Shear Rate 10°

(:"]ﬂ Studying weaker ﬂﬂ:} (:["] Studying stronger Hm:}
VD interactions

interactions
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Reason for Shear Rate Dependency

Entanglement Network / ParticleParticleInteraction
{
t

Logh

Logg\
S 68%—8% [Eecee

Equilibrium Destruction > No Entanglements
Recovery
Q Molecules / Particles ¢ Entanglements/ Particle Interaction
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UA rheometer is a very powerful tool to probe the internal
structure of a material

Un this presentation we will generally consider the affect on
®uhrbnrhsx + gnvdudg | ngd uhr

U When VIScosity increases, the
following are typical

A Any yield stress, increases §

A Any thixotropic can increase

A Oscillation , linear region = ) : c
changes LRV

C
°Cdbqgd rdr "~ r I nfgd ®aqh€g\gjd_,§”

A Oscillation , more solid like |77
nature

° Viscoelastic liquid to Y
viscoelastic solid changes

o4  ° Phase angle decreases
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Rheology-determining factors of suspensions

..+, Particle _ i

- ‘g < Charge B &

C °.  (Zeta = BB = B
@ea w::“w' Potential) "R R R

Particle

Particle Size \ ‘
Distribution / Size
() |

Particle Particle
Shape Loading

V7 N
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PARTICLE SIZE

V7 N
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Importance of particle size

Nanoparticles (small)

Forsmall (<~1um) particles
colloidal effects on rheological
properties can be significant:

A Brownian motion

° The random movement of particles due to the bombardment
by the solvent molecules that surround them

A Attractive / repulsive colloidal forces

Emulsion Droplets (large)

B :

7 d (1)) 9 5 o0

'\ 5 o B iR B DY A fayy
o

Forlarge (>~1um) particles the | BT
direct effect on rheology is much | = o o

IeSS i ; "(“;, ‘»'.R,‘; l‘_oo‘ Jo
AThe affectis more related to the associated ~ © = dae i ¥
change in volume fraction e A NG
b ¥ ,J"l &? 0 i Yol 9 wvb oY :‘.
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Effect of particle size

UForlarge particles (>~1um) the direct
effect of increasing size showsittle
viscosity difference for the same volume
fraction

Ulncreasing volume fraction  for the same
particle size, increases viscosity

Large particles

X 510
40 | | R 3040m
=+ 45-80 pm
> 20! O 90-105 pm
g = NMooney Eqgn.
2 10+
> 8
S 6
T 4]
[4b]
X
2|
LR DU :

0.0 0.1 0.2 0.3 04 05
Volume fraction

Colloidal Suspension RheologjanMewis,
V.’ N Norman J. Wagner, 2012
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U Forsmall particles ,(<~1um)
there is a relationship

U Decreasing particle size
gives aincreased viscosity

Small particles

10 10"
(™)

Ref: After Lewis & Nielsen 1968
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Effect of particle size

UAdding talc (filler) to an epoxy

UFor constant volume fractiondecreasing particle size will
Increase viscosity

UTheincreased number of small particles  give rise to colloidal
repulsion, increasing viscosity at low shear

28.6% fine talc

(D50 = 0.5 Un) . . .
102 A This relatively weak
o force isbroken
oy down at higher
© 28.6% coarse talc hear rat gead'n
& 10° (D50=1.9 um) shearrate iing
< to the converging
101 0w @i - of viscosities.
102

103 102 101! 109 10* 102 108
V/ N g (st)
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PARTICLE LOADING

VN

Malvern © 2017 Malvern Instruments Limited www.ma [\!’ern_com



Effect of particle loading

UKrieger—Dougherty equation

» d 1 viscosity of the suspension

» dyegiumi ViSCOSIity of the medium

» £ T volume fraction of solids in the suspension

» 7, T maximum vol. fraction of solids in the suspension
»

[d] T intrinsic viscosity of the medium (2.5 for spheres)
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Volume fraction, [

LDescribes theamount of particles in a material
Lf +volume fraction of solids in a suspension

UF - £ maximum volume fraction of solids in the
suspension (i.e. the maximum amount of particles that
can be added to the suspension)

24 f <fﬁ <
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Volume fraction

U\/iscosity(h) IS Increasing with an increased volume fraction
as suggested byKrieger -Dougherty

U Packing more
~ molecules
U makes flow

more difficult o= 10

' ow” ot w1t 1wt
-1
Y(s)

V7 Ref: R.Egres University of Delaware
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Kinetic Sand

V7 N
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Kinetic Sand vs. Play Putty

Play Putty

| 100,000 Pas
- l1000Pas

— | '10',@00,000Paé

Kinetic Sand
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Phase Angle

LFor a Purely Elastic Material Solic-like behaviour

AThe stress and strain are exactly in phase
ATherefore thephase angle is zero

LFor a Purely Viscous Materid Liguid-like behaviour

A Stress and strain are 1/4 of a cycle out of phase
ATherefore thephase angle is 90

Elastic ISCOUS
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U Yogurt and honey can have the same
viscosity and modulus

UGnvdudq£

U Yogurt is elastically dominated, it
behaves as a solid

U Pour it and it drops
UKd > udr qghcfdr + cndr m-s ekn\

U Honey is viscously dominated, it
behaves as a liquid

U It pours and strings

U Settles with a smooth finish
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http://photos.runic.com/gallery2.html

Kinetic Sand vs Play Putty

100 900 Play PUtty
-80.0 . .
00 | ViIscoelastidIQUID
s 00 | Phase angle approaches
3 90Atowards OHz
2
© -—30.0
_-20.0 - 30
:—10.0 ]
1 0.1 fHz 10 00 i
:’:- 10° W 15 2
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Phase angle approaches /

S

0 towards OHz

Kinetic Sand
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UUnlverS|ty of Queensland (Brisbane, Australiyof. Parnell, 1927

A http://www.thetenthwatch.com/feed/#

Year

1930

1938 (Dec.)
1947 (Feb)
1954 (Apr.)
1962 (May)
1970 (Aug.)
1979 (Apr.)
1988 (Jul.)
2000 (Nov.)

o 2014 (Apr)
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Event
stem was cut
1st drop
2nd drop
3rd drop
4th drop
5th drop
6th drop
7th drop
8th drop
ot drop fell
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