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Rheology = The Science of Deformation and Flow

Why do we need it?
- measure fluid properties
- understand structure-flow property relations
- modelling flow behaviour
- simulate flow behaviour

of melts under processing conditions
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Processing conditions

shear rate [s]

Sedimentation
Leveling

Extrusion

Chewing

MiXing

Spraying, brushing
Rubbing

Injection molding
coating flows

106-104
103
100-102
10t-102
10t-10°
103-104
104-10°
102-10°
10~ -10°
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How about Newtonian behaviour?

1. Constant viscosity
2. No time effects
3. No normal stresses in shear flow

4. n(ext)/n(shear) =3

Symbols: e =D

c=1

S=>o
Newton’s law: T = -pl +n 2D
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1. Rheological Phenomena:

Do real melts behave according to Newton’s law?

Deviation 1:

Mayonnaise: resistance (viscosity) decreases with increasing
shear rate: shear thinning

Starch solution: resistance increases with increasing shear
rate: shear thickening

This is a non-linearity:
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Do real melts behave according to Newton’s law?

Deviation 2: example silly putty

‘ t>7 ‘
\‘

The response of the material depends on the time scale:

A
* Short times: elastic like behaviour

* Long times: liquid-like behaviour

VISCO-ELASTIC BEHAVIOUTH

Linear non-linear 1)
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Do real melts behave according to Newton’s law?

Deviation 3:
Weissenberg effect Die Swell
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Do real melts behave according to Newton’s law?

deviation 4: Ductless Syphon

(a)
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In summary:
Newtonian behaviour

1. Constant viscosity

2. No time effects

3. No normal stresses in shear flow
4. n(ext)/n(shear) =3

3dim: T =-pl +n (2D)
Simple shear: c = n dy/dt

real behaviour

1. Variable viscosity
2. Time effects
3. Normal stresses

4. Large n(ext)
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2. Constitutive equations
2.1 Generalized Newtonian fluids

Examples of non-Newtonian behaviour:
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Shear rate y (s1)

{c) Yogurt

Viscosity n (Pa-s)
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2.1 Generalized Newtonian fluids

Non-Newtonian behaviour is typical for polymeric
solutions and molten polymers

ABS Kralastic MH
[~ Cone & Plate Capillary

v

A 453°

8 =473‘
102F .
2x10 > | l
107 10" 10° 10" 102 10° 10°

e.g. ABS polymer melt (Cox and Macosko)



2.1 Generalized Newtonian fluids

T=—pl+f,(ll,;)-2D

The viscosity is now replaced by a function of the second invariant of 2D

for a shear flow this becomes:

Oxy = 111(72)'?

and different forms for this function have been proposed

With: 11,5 =1/ 2 (tr2,5 — tr (2D)?)

tr = trace = sum of the diagonal elements )
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Model 1: Power Law

(n-1)/2

?:—p|+k.\|lm\ .2D
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300

250 H

200 +

o 150

100 -

50 4

0 T T T T

0 200 400 600 800

shear rate (s-1)

1000

1200

100 A

10 A

0.01 ~

0.001 A

2 parameters

— n=0.4, k=1
— n=0.8, k=1
n=1.4, k=0.01

0.001 0.01 0.1 1 10 100 1000

shear rate (s

n<1 : shear-thinning
n>1: shear-thickening

s

&

S80Sty

04y

&

G 1415
U™



Model 2: Ellis model

1000

100 A

10 4

0.1
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Model 3: CROSS model

N—Mw _ 1
Mo ~Nw 1+k-'Y(1_n)

4 parameters

1000

100 +

3D

N—MNy _
(1-n)/2

n0—7h>_1+(k245D)

0.1

le+3 le+4 le+b {

le-1 le+0
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T
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Special case: plastic Behaviour

Yield stress © <oy >7=0 , o
c>ocy >y #0
o A
a-y
: e
9]

No flow, only deformation



What have we gained in generalized Newtonian?

Newtonian behaviour real behaviour
1. Constant viscosity 1. Variable viscosity
2. No time effects 2. Time effects

3. No normal stresses in shear flow 3. Normal stresses
4. n(ext)/n(shear) =3 4. Large n(ext)
3dim: T =-pl +n (2D) T = -pl + n(ll,p (2D)

Simple shear: ¢ = n dy/dt
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2. Constitutive equations
2.2 Linear visco-elasticity

Reference: 2 extremes

Hooke’'s Law
(solid mechanics)

/ /

G = modulus (Pa)
Material property

c =Gy

Newton’s Law
(fluid mechanics)

/J

c = .dy/dt

n = viscosity (Pa.s) -~
material property @

G, 1425
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Time effects (linear visco-elastic phenomena):

Example 1: creep

o Apply constant stress
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Time effects (linear visco-elastic phenomena):

Example 2: stress relaxation upon step strain

Apply constant strain

Modulus

G(t) = o(t)ly




Example for molten LDPE [Laun, Rheol. Acta, 17,1 (1978)]
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How to descibe this behaviour?
Example: differential models

NI . Phenomenological models
ey Hookean spring
o, =Gy,

Newtonian dashpot

F F

. . G j— . y
Maxwell Kelvin-Voigt 2 =Mo" V>




Maxwell model: Y=Y1+7V2

G:G]_:GZ

Y=71+72
9 = 1 G2
Go mp
G+(noj6:noy
0

C+ 106 = NoY T = relaxation time




Example: Stress relaxation upon step strain for a Maxwell element

12

Yy=v0 t20 N

G+’cd—G:O G .
dt .l

tZO,GZGOyO 2

10

o [rad/s]

Gf(t) =G(t) =Gy -exp(-t /1) oot




Generalized Maxwell model to describe molten polymers:
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Relaxation functions:
For a simple Maxwell model: single exponential (single relaxation time 1):

G(t) =Gy exp(-t /1)
For a generalized Maxwell fluid (discrete number of relaxation times t:

G(t) = 2G; exp(-t/ ;)

We can replace the discrete relaxation times by a continuous spectrum:

G(t) = jF(r)eXp( jd'c

Or based on a logaritmic time scale : the relaxation spectrum is defined by:

G(t) = jH(r) exp( jd:




Time effects (linear visco-elastic phenomena):
Example 3: Oscillatory experiments

STRAIN:
A Y=%Y0 S|n((!)t)
. e ¥ = Yo exp(iot)
v 1% Vs
N4 / STRAIN RATE
X 7 —>
\ / 7 =700 cos(ot) = 4 sin(ot +90°)
\ /
\ s

7 =lwyqexp(iot)

HOOKEAN SOLID

o =Gy =Gy sin(mt)
o =Gy exp(iot)

NEWTONIAN FLUID

G =17 =Ny oo Sin(mt +90°)
o = niy oo exp(iot) = niyo




VISCOELASTIC MATERIAL
G = Gg| + Oyjsc

c =Gy +liony

c = (G +ion)y

complex modulus:

c=G"y

o =Gy sin(wt +3)

Storage modulus G'(w) (Pa),

6 =G y[sin(wt).cos(8) + cos(wmt).sin(3)]
G = (G* cos(S)) Yo sin(ot) + (G* sin(S))~yo cos(ot)

o =[G"sin(ot) +G" cos(wt)]y

G = (G'+iG"

an modulustan&:%

Loss modulus G"(w) (Pa)

S
[}

._...
o
Tn

T 1 l]illll] T l“lll]' ¥ IIIHIII 1T

10*
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Dynamic moduli of a Maxwell fluid
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G’ and G” for a generalized Maxwell fluid:

G"= ooTG(s) .cos(ms)ds = m?(%Gie‘Tisj .cos(ms)ds
0 o Ni=1

. 108

10°

10*

G'= ooojoG(s) -Sin(ws)ds
0

Storage modulus G'(w) (Pa),
Loss modulus G"(w) (Pa)

| %Gi (077)°

i=1 1+(O)Ti)2

100 1070 100 100 100 102 100 10

Reduced angular frequency ago (s°1)




What have we gained In linear visco-elasticity?

Newtonian behaviour real behaviour

1. Constant viscosity 1. Variable viscosity

2. No time effects 2. Time effects

3. No normal stresses in shear flow 3. Normal stresses

4. n(ext)/n(shear) =3 4. Large n(ext)

3dim: T =-pl + n (2D) G(t), H(q),...

Simple shear: c = n dy/dt fully descibes linear VE
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Stress (Pa)

2. Constitutive equations
2.3. Non-linear visco-elasticity
Example 1: Steady state shear flow
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Example 2: Non-linear stress relaxation upon step strain

At (s)
0.2 0.05
0.6 0.05
[RY 0.05
6.0 0.08
95 0.10

153 0.12

18.7 0.16

224 0.20
30.9 0.25

=
-< =g

®aedo0boof Qf

Y RIS DAY

Shear relaxation modulj
G (v:t) and G (1,t) (Pa)
>
(¥'e)
]

LDPE, Laun et al.




Example 3: Stress evolution upon inception of shear or
elongational flow

100

0.001 |

v (s

1 1
0.1 1 10 100 1000
Time (s)




What have we gained in non-linear visco-elasticity?

Newtonian behaviour real behaviour
1. Constant viscosity 1. Variable viscosity
2. No time effects 2. Time effects

3. No normal stresses in shear flow 3. Normal stresses
4. n(ext)/n(shear) =3 4. Large n(ext)
3dim: T =-pl + n (2D) no universal model

Simple shear: ¢ = n dy/dt
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3. Rheometry

Why ? 1. Input for Constitutive Equations

2. Quality control
3. Simulate industrial flows

A rheometer is an instrument that measures both stress
and deformation.

& indexer

& viscometer

What do we want to measure?
- steady state data
- small strain (LVE) functions
- large strain deformations




Introduction: classifications

=>Kinematics : shear vs elongation

=»homogeneous vs hon-homogeneous vs complex flow fields
—>

L, N A\ XQ‘
) |

> =
— —>
A
I ——

=> type of straining:

-small : G'(0), G"(®), n*(t), n'(t), G(1), o,

- Iarge : G’(O)9Y)’ G”(O)>Y)1 T]+(t’Y), ﬂ'(t ’Y)’ G(t 1Y)’ n(tag)
- steady : n( ), ‘W, ( )

=» shear rheometry : Drag or pressure driven flows.



Shear flow geometries

Sliding plates 6 .
y . )y * . X r 9
g Capillary ==* v ]
Couette 5 )P o . .
= e
Slit B x oy 2
Cone and Plate
r t 0 r
)
, Annulus x r 8
Parallel plates :De
0 Z r

Macosko, 1992



Drag flows : Cone and plate

Probably most popular geometry Mooney (1934)

Ae 1. Steady, laminar, isothermal flow

2. Negligible gravity and end effects
, /a( 3. Spherical boundary liquid
f — 4. v,=v,=0 and v,(r,0)

‘H’Q J 5. Angle o < 0.1 radians
e—R
Equations of motion:
2

"2 or r - P
i 1 5(Gre Siﬂ@) coto

0: _ — .Ggy =0

r sin@ or r

0C
} 9(1) +ECO'[9'69¢ :O
r oo r




Drag flows : Cone and plate geometry

Boundary conditions
1. vy(n/2) =0
2. Vy(n/2-0)=wrsin(r/2-o)~or

Shear stress

dloc
(1): EM-FECO':(I)‘GG(‘) = O —> Ge(l) = C2 ECte
r do r sin“ 0
R 3M_
- 00 2113
M = | [r°cg,drdd
00 J

Independent of fluid characteristics because of small angle!




Drag flows : Cone and plate geometry

Shear rate: is also constant throughout the sample: homogeneous!

~

“h() rtg(a) tg(o)

.V, ®-r ® ®
'Y — —
o

Normal stress differences: total trust on the plate is measured Fz

2
TCF; (Gee —Gq)q))

F, =




Drag flows : Cone and plate geometry

@ - constant shear rate, constant shear stress -homogeneous!
- most useful properties can be measured
- both for high and low viscosity fluids
- small sample
- easy to fill and clean

@ - high visc: shear fracture - limits max. shear rate
-(low visc : centrifugal effects/inertia - limits max. shear rate)
- (settling can be a problem)
- (solvent evaporation)
- stiff transducer for normal stress measurements
- viscous heating




Drag flows : Parallel plates

Again proposed by Mooney (1934)

= 1. Steady, laminar, isothermal flow
g—m‘;l 2. Negligible gravity and end effects
2 7 EY 3. cylindrical edge

4. v,=v,=0 and v,(r,z)

Equations of motion:

- }a(mrr)_cee:_pﬁ
r or r r
o, A%
0Z
Z: a(GZZ):O




Drag flows : Parallel plates

Shear rate: is not constant throughout the sample

—
—.gmg% . Vp o

o ’g LU} ——i Y= T T
—R —
Shear stress M { dinM }
o = 3 1+ —
27R dinyg
Normal stresses

F, dinFz

Nl — NZ — 2 + . .

ntR? dinyg




Drag flows : Parallel plate geometry

@ - preferred geometry for viscous melts - small strain functions
- sample preparation is much simpler
- shear rate and strain can be changed also by changing h
- determination of wall slip easy
- N, when N, is known
- edge fracture can be delayed

@ - non-homogeneous flow field (correctable)
- inertia/secondary flow - limits max. shear rate
- edge fracture still limits use
- (settling can be a problem)
- (solvent evaporation)
- viscous heating




Pressure driven flows : capillary rheometry

1. Steady, laminar, isothermal flow
2. No slip at the wall, v, =0 at R=0
3. v,=v,=0

4. Fluid is incompressible, n=f(p)

Equation of motion:

1— a(rcsl'Z) . ap — O
r or 0z

ly af ' f :
Only a function of r Only a function of z

}d(rcrz) _dp
r dr dz




}d(rcrz) PP

r dr L
P,-P. r C
GrZ:O—L._+_2
L 2 r

C, =0 because o,#0 @

P,-P. R
62 (R) =0y =°—L-5

L

:
G, (r) =0y E

Note : independent of fluid properties




R
Q =2m [V, (r)rdr Shear rate calculation from Q
0

R
Q=2nv r‘R _ 275“2 dv, dr Integration by parts + assume :no slip
Z'10 5 dr
R R substitute r and dr
r=—oc and dr=—-do
Ow Ow

2
R (o}
d wi R dv. R
Q= —27:“2 Y2 gr = 21 | (— Gj 2z " do Typical “trick” to deal with inhomogeneous flows:
0

r 0 \Ow a oy, changing of variables
3 2 3
= - — = Ow
nR3 dr mR3  nR3 doy, dr lo,,
Differentiate with respect to c,,
using Leibnitz’s rule Vw = _dv, 3Q 3Q dinQ

dr oy ~ 47R3  47R3 dIno,




Weissenberg-Rabinowitsch “Correction”

Y
’YW :Ta(B—I_

dInQ
dincy,

“Correction” factor accounts for material behavidﬁ

Physical meaning:

e.g. power law fluid

et
Tw =" n

Steepness of the velocity profile changes
Shear rate is increased with respect to
the Newtonian case:

_ R

- nR3

Ya

v,/ <v,>

0

I n=0.7
n=0.3
n=0.01

n=1

/IR




What pressure drop do we really measure?

Cannot be measured!

P —P) R
GW = .
L 2 a3
!
L A
* 77777777777777777777777777777777777 A
P B
ma
L B
z0 z:|_4
<4— Ravir p>-4—— Gyllary —p




BAGLEY plots

LDPE @190°C

50
o 10s*
Pressure , 1
drop 40 Y 3051 1
L 0O 50s
" < 100s™
A A 200st ]
A — 30 ¢ 0 3005'1 //o A
o O 5008 ]
= - 7 A
Y [y L - —~
AP, 3 o | // -
< 20f o o ]
[ ~ // —
H A e
\ L /// — __ o
- ' A S e
T 10 F -~ — — — a
/////////////////// > ;/ <>-////D -
: %//:D////V/ FH‘“’/’MO
I —F== -
e o I L A%Fﬁl L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L
0 10 20 30 40 50 60
L/D
AP-R Ap, can be used to estimate

W
2(|_ + eR) the elongational viscosity (contraction rovl/)




Are these conditions met ? 1. Steady, laminar, isothermal flow

2. No slip at the wall, v, =0 at R=0
3. v,=v,=0

_ _ 4. Fluid is incompressible, n=f(p)
Problem 1: Melt distortion

| 1 |
| D =82mm | I
3 wp =15 !
T =180°C ,
1
| |
2 - l :
_— [ o
o I I
) | % } | &
g r 5 13, & 18
Lo ) » | = ‘LI-.:
l_? m—>:+o->:<—»m—>:<-
=1l T
' | | b
09 1S N,
08 1 1 | | A "‘"g
2 20 40 60 100 200 400 600

Y.w (s

Melt fracture typically occurs at o, 10° Pa




Are these conditions met ? 1. Steady, laminar, isothermal flow

2. No slip at the wall, v, =0 at R=0
3. v,=v,=0

4. Fluid is incompressible, n=f(p)
Problem 2: Viscous heating

' I
2 6109 T T T T T 1T] ] I B T
atR™ ¢ i
Na =~ : Na= |
— [sothermal
4k flow
L. o _ 5
Tw _
(Pa) I~
109 Adiabatic :
wall
Ll ! N I
102 I - 103 104

Y67




Are these conditions met ? 1. Steady, laminar, isothermal flow

2. No slip at the wall, v, =0 at R=0
3. v,=v,=0

: 4. Fluid is incompressible, n=f
Problem 3: Wall slip P n=(p)

4v
Va=7+—> @ o =cst
R
g T T T T
coating M979/6 - o lextr)
T=25°C, LIR=60 SC= 68% =06mm

0.3mm
0.1 mm

Qo b e
DoWOT

10—_

apparent viscosity ng [Pas)
©
2%
q cb
g
<
e
j m

0 —— ———
3 0 103

opparent wall sheor rate 1a !




Are these conditions met ? 1. Steady, laminar, isothermal flow

2. No slip at the wall, v, =0 at R=0
3. v,=v,=0

4. Fluid is incompressible, n=f(p)
Problem 4: Melt compressibility, n=f(p)

80
70 4
o 1051
60 1
v 30s"
o 50 A 8 50 s'll
e <> 1 -
g E /D N 00 5-1
5s 407 pz 200's
g P °© 30051
30 1 A7 e © 500sL
20 | ~ /Vﬁ ~ _© v 10005
D/ / /o/ ; /A O 2000 S-l
10 7 == ﬁ/ — -5
— ; —
g — 45— — —0
0 T T T T
0 10 20 30 40 50 60

L/D



Capillary rheometry : conclusions

@ - Simple yet accurate!
- High shear rates possible

- Sealed system, can be pressurized

- Process simulator

- Entrance flows and exit flows can be used
- MFI

@ - Non-homogeneous flow field (correctable)
- Only viscosity data, some indications for N, n,
- Lot of data required (Bagley plots)
- Melt fracture limits shear rate
- Wall slip can be a problem
- Viscous heating
- Shear history / degradation




Melt Flow index

NN

v,

;’E‘%EEEL— Mass

Piston

——, Tempering

fluid

9.55 mm

MI die
LR =17637
2R =2.095 mm




Shear rheometers:

the verdict

Couette

Cone and Plate

Parallel Plate

Capillary

+ low n, high rates
+ can be homogeneous
+ settling

+ best for N,
+ homogeneous
+ transient meas.

+ easy to load
+ G',G” for melts
+ vary h!

+ high rates
+ accuracte
+ sealed

- end corrections

- high visc. : too difficult
-no N,

- edges, low shear rate
- free surface
- alignment

- edges
- non-homogenous
- free surface

- corrections:
- non-homogenous
-no N;
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4. Parameters affecting rheology

. Chemistry

* MO
* MO
* MO

ecu
ecu
ecu

ar weight
ar weight distribution
ar architecture (branching)

e Fillers/additives
 Temperature
e Pressure




Effect of molecular weight on the viscosity curve

Example: narrow MW polystyrenes

logy (poises)

log ¥ (sec=1)

M/Mg VS Y7q : single curve

From Stratton



Effect of the MW on the zero shear viscosity for linear
molten polymers

105F N oc M3V4

—
(o]
IS

—i
O
w

PS, 217°C

Viscosity ¢ (Pa s)
5
[N

—h
Q

—
(@]
[@]

10°

Berry and Fox

Log Mw + ct



Effect of molecular weight on moduli

PS 160°C : !
Onogi et al., 1970

M, = 581000

Log G' (dynes/cm?)

1 L12
6 5 4 -3 -2 -l 0 1 2 3 4 5

Log(oaT(s'l)




Effects of molecular weight distribution
Viscosity:

Shear thinning sets in earlier with increasing molecular weight distribution

A-M /M =1.09 -
B-M /M =20
C - branched

(X).1 ' I ; |

0.001 0.01 0.1 ] 10

From Uy and Greassley




log ng (at 379 K)

Effect of chain architecture (branching)

Low shear rates higher shear rates

logn (at 379 K)

O = linear

[Jand A = branched

Kraus and Gruver




Effect of fillers

107 E
2 10° ¢ Talc filler (40 wt %)
& B
PR Glass filler (40 wt %)
E Polypropylene base material
104 Lo seeaad PR T I N T N N [ S R
102 102 107! 100 10!

Shear rate, s~

Chapman and Lee



Effect of temperature: time-temperature superposition

log E(f) or log 3G.(f), dynes cm—2
oo © =
[ [
l j |

B § -
S OO0 [}

B

o
51 | |
© o =

-\i
I
éZ
& °
log 3G.(1), dynes cm2
us]

7 -
51~ N 6
| I | 1730°C
ST=2 4 4 5 4 =
log t (sec) log t (sec)
_Cl (T-Tr)

WLF-relation: log a; = ------------




m Effect of pressure on viscosity

Entrance pressure | Gottfert 2002

transducer y

z

Pressure

Exit pressure chamber

transducer

jacket

Needle valve

= Relevant for injection moulding

= Add-on ‘pressure chamber’ on Gottfert
capillary rheometer
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A3T)"[3)] “Corrected” viscosity for PMMA (210° C)
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70 MPa
55 MPa
40 MPa
30 MPa
0.1 MPa

PaMSAN

Mean pressures:
—@&—— 80 MPa
e
A
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Viscoity curves for PaMSAN and LDPE
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LEUVEN Determination of B at several shear rates
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LEUVEN B at several shear rates
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] ® PMMA
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LEUVEN Determination of B at several shear stresses (PMMA)
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LEUVEN

Bs(GPa™)

B at several shear stresses (PMMA)
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Useful references concerning rheology

Rheology: Principles, Measurements and Applications

C. Macosko Ed, VCH (1994)

Understanding Rheology
F. Morrison, Oxford University Press (2001)

Structure and Rheology of Molten Polymers

J.M. Dealy and R.G. Larson, Hanser (2006)

%, 8
G, 1425
%,
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