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The context: Polymer processing operations

molding {melt)

heating
(melting)

cooling
(solidification)
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* e.g. extrusion blow moulding

Die head Mold
Molten
pastic Molded part
Blow pin
Molded part
Mold half

* processing behaviour to a large extent determined by the rheology

Air hose

Extruder
Cooling
lines

Mold cavity

extrusion — shear viscosity
parison — die swell - sagging
blowing — extensional viscosity
solidification - crystallization

U000

Parison

https://www.youtube.com/watch?v=0Y7hyuMHmMG68

http://www.custompartnet.com/wu/blow-molding




Competition of time-scales

Intrinsic material time-scale
relaxation time spectrum

LA P T )

‘microstructure
(= properties)-

processing time-scale - thermal time-scale
flow rate, flow time | cooling rate
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Polymer processing operations

* flow properties: melt is visco-elastic

- shear flow and elongational flow (-> often combined)

> W

—> f (shear/elongational rate, temperature, pressure, molecular weight

distribution, molecular architecture, ...)
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Rheometry: classification

= kinematics: shear versus elongational flows

= homogeneous — non-homogeneous — complex

J
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= type of straining:
- small
- large

AY S

: G(w), G"(w), n(t), G(1), o,
: G(w,y), G'(w,7), n(t,y), n(ty), G

flows

(), n(t.e)

- steady : n(shear rate), ‘¥, (shear rate)

= shear rheometry: drag versus pressure driven flows
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Rheometry: classification

= kinematics: shear versus elongational flows

Shear flow has received far more attention in literature than elongational flow

For shear flow wide range of experimental techniques is available to determine
impact of flow on morphology (see further)

* Rheological

* Rheo-optical

Elongational flow is the dominant deformation mechanism in many
processing operations

Often part of more “complex” flows such as entrance flow in capillary die
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Rheometry: shear flow geometries
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Effect of shear rate
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In polymer processing, shear thinning is well documented for polymeric melts

under processing conditions

LDPE H & 190°C
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Effect of shear rate KU LEUVEN
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Effect of temperature KU LEUVEN

Time-temperature superposition (WLF)
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Effect of temperature KU LEUVEN

Temperature dependence of the zero-shear viscosity of polymeric melts
can be described with the Arrhenius equation or with an exponential relation

Arrhenius equation:
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Effect of molecular parameters KU LEUVEN

Effect of weight average molecular weight on the viscosity curves
(Polystyrene with similar molecular weight distribution)
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Effect of molecular parameters KU LEUVEN

Effect of weight average molecular weight on the zero-shear viscosity
(linear polyethylenes)
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Effect of molecular parameters KU LEUVEN

Effect of weight average molecular weight on the zero-shear viscosity
for a series of linear polymers
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Effect of molecular parameters KU LEUVEN

Effect of molecular weight distribution on the viscosity curves
(Polystyrene with similar weight average molecular weight, hence same
zero-shear viscosity)
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Effect of pressure KU LEUVEN

Pressure dependence of the viscosity of polymeric melts can be
substantial, but is often neglected.

Classical data by Maxwell and Jung (1957)
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Effect of pressure: enhanced exit pressure

Example: using special devices to enhance the exit pressure
Can be used as ‘add-on’ to traditional capillary rheometer
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Effect of pressure: enhance exit pressure

Average hydrostatic pressure is approximated by linear average between entrance
pressure and pressure in pressure chamber. The error in doing so ~ 5% if non-
linearities of pressure profile remain small




Effect of pressure KU LEUVEN

Example: PS at 200 °C (data Oosterlinck et al., 2000)
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Effect of pressure KU LEUVEN

Example: PMMA at 2010 °C.

Obtaining the pressure coefficients at constant shear rate:
(Cardinaels et al., Rheol. Acta, 2007)

11 ] Shear rates:
6s?
13 st
33s?
70st
108 s*
146 s*
223 st
260 s™

r-/./-/-/./- 290 S_l

dingy

P="ap ),

Inn
H
© (@)
PO MD>ACO®




Effect of pressure KU LEUVEN

Obtaining the pressure coefficients at constant shear rate:
(Cardinaels et al., Rheol. Acta, 2007)
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Elongational flows KU LEUVEN

A variety of devices exist, but elongational experiments are in general difficult.
For Newtonian liquids or in the linear regime, it can be shown that:
the extensional viscosity = 3 x the shear viscosity (Trouton ratio)

O] Lvot

leaf spring (tensile force F )

scissors -




Elongational flows KU LEUVEN

Example: start-up of shear flow and elongational flow for LDPE

At low rates (the linear regime), it can be seen that: n (ext) = 3 n (shear)
At higher rates, LDPE displays strain hardening
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Elongational flows: effect of branchings KU LEUVEN

The elongational viscosity is much more sensitive to long chain branching,
as compared to the shear viscosity
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A case study: mixtures of linear and branced PP

LIFLISHIAINN INII

Two polypropylenes have been used:
- branched high melt strength PP (HMS PP),
- supplied by Borealis (PP Daploy WB 135 HMS)
- tensile modulus 2000 MPa
- linear PP,
- supplied by Total (PPH 4070)
- tensile modulus of 1950 Mpa

+ antioxidans Irgafos 168 (0.08 wt%) and Irganox 1010 (0.02 wt%),
supplied by Ciba

+ chemical blowing agent (azodicarboramide) (3 wt%),
supplied by Lanxess




Materials
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Five blends of HMS PP and linear PP have been prepared,
varying the ratio HMS PP/Linear PP:
- with a co-rotating twin-scew extruder (L/D = 24, 80 rpm)

-at 190 °C
Sample T, (°C) T. (°C) AT (°C)
100-0 161.44 123.65 37.79
90-10 160.99 122.29 38.70
75-25 161.50 121.97 39.53
50 - 50 163.32 120.95 42.37
25-75 164.10 121.36 42.74
10-90 165.51 119.10 46.41

0-100 166.40 119.41 46.99




Results: rheological characterization in shear

LI3LISHIAINN IHIMTOHLIYH
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* The polymers and blends behave as expected:
* Newtonian plateau + shear thinning
* In shear the seven materials behave very similarly
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Results: rheological characterization in extension

LI3LISHIAINN IHIMTOHLIYH
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EVF = extensional viscosity fixture

* The linear PP shows no stain hardening
« The branched, HMS PP shows substantial strain hardening

——




Results: rheological characterization in extension

LI3LISHIAINN IHIMTOHLIYH
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There is a gradual increase in degree of strain hardening as the amount
of branched HMS PP increases




To quantify strain hardening:
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the strain hardening coefficient
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 Linear PP has a strain hardening coefficient of 1
« The strain hardening coefficient increases with amount of branched PP
« At high concentrations of branched PP the situation is less clear




What Is the relation with the microstructure of the
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* When the strain hardening coefficient is low, the open cell content is 100%
» With increasing strain hardening the open cell content decreases

PS: Open cell content was determined quantitatively with a gas pycnometer (ASTM D1622-08)




A case study: immiscible polymer blends

Motivation: Thermodynamics:
multiphasic materials are omnipresent AG i, =AH i, - TAS .,
- miscible

- Immiscible
- partially miscible

phase separated

spinodal

temperature T (°C

| | |
0 20 40 60 80 100
% PoaMSAN

Laun H.M, 1998

Utracki L.A., Polymer Blends Handbook, Kluwer Academic Publishers (2003)
Laun H.M., Pure App. Chem., 70, 1547 (1998)
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Polymer blends can have different morphologies

Different phase morphologies:

Drops

toughness

Fibers

Laminar

The interplay:

Material

properties

Flow
condjtions

barrier properties

Cocontinuous

i

() ~

strength

electrical conductivity,
toughness

N/

Rheology

1

Morphology

|

Final properties




The morphlogy is generated during processing

Morphological processes occur simultaneously
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An example: deformation and break-up in shear flow

Deformation and break-up: - hydrodynamic stress: nmy

- interfacial stress: a/R
=== Capillary number: Ca=1n,7R/a
=== ViScosity ratio: p=n4/nNq

Taylor G.1., Proc. Roy. Soc. London A, 138, 41-48 (1932)




Morphology: link with linear visco-elastic rheology

For small deformations: oscillatory shear

Measure storage modulus (G’) and loss modulus (G™") as function of frequency

\/
Q0L 70O 00N |WEO

Interface = storage and release of elastic energy

= excess storage modulus G'=f(®,R/a)

1+30H | . .
1—2(|)Hj with H(oc/R,Gd,Gm)

m

Palierne model: G* = G* (

Palierne J. F., Rheol. Acta 29, 204-214 (1990)
Graebling D, Muller R. and Palierne J.F. Macromolcules, 26, 320-329 (1993)




Morphology: link with linear visco-elastic rheology

104
Shoulder in G' = drop relaxation

g
v102 .
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R/a is used to fit the moduli
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Alternatively: describe with a shape relaxation time t;:

_ Rnpy (19p+16)(2p +3—2¢(p -1))
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Morphology: link with linear visco-elastic rheology

Example of using the Palierne model
(10% PIB in PDMS with p = 0.45)

100 i

Coalescence limit

@ Fitting the Palierne model N N
V¥ Microscopy data 1.0 @
(Grizzuti and Bifulco) N
1 |
0.1 1 10

(pre)-shear rate (s'1)

Grizzuti N. and Bifulco O., Rheol. Acta, 36, 406-415 (1997)
Vinckier ., Moldenaers P. and Mewis J.,, J. Rheol., 40, 613-631 (1996)




Morphology: link with shear flow

For large deformations: e.qg. step-up in shear rate

Shear rate probe deformation and break up
under high shear conditions
create initial (coarse) T
morphology

|

»
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time
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Morphology: link with shear flow

1000

shear stress
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Vinckier 1., Moldenaers P. and Mewis J., J. Rheol., 41, 705-718 (1997)
Tucker Il C.L. and Moldenaers P., Ann. Rev. of Fluid Mech., 34, 177-210 (2002) (review)




Morphology: link with shear flow
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Vinckier 1., Moldenaers P. and Mewis J., J. Rheol., 41, 705-718 (1997)
Tucker Il C.L. and Moldenaers P., Ann. Rev. of Fluid Mech., 34, 177-210 (2002) (review)




Morphology: link with shear flow
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Iza and Bousmina M., J. Rheol., 44, 1363-1384 (2000)




