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Introduction


The missions of polymer rheology

a) Characterizations: 

1. phenomenological (Maxwellian level), linear viscoelasticity
2. structural (molecular level), i.e., molecular weight, MWD, chain architecture (branching, functional moieties), thus heavily model dependent and theoretically intensive

b) An important area of polymer science

      1. nonlinear aspects


2. fluid mechanics of polymers – numerically intensive


3. processing behavior

i. Fluid dynamics/mechanics - study flow behavior of simple (Newtonian) fluids in complex geometries and nonlinear flow conditions including turbulent flow and thermal convection
ii.
Polymer rheology – explore deformation and flow behavior of polymeric (viscoelastic/non-Newtonian) fluids in simple geometries
iii.
Fluid mechanics of polymers (relevant to processing) - investigate deformation and flow behavior of viscoelastic polymeric liquids in complex geometries
This book focuses on Mission b), particularly part ii and iii.
PART ONE: LINEAR RESPONSES

1. Phenomenological linear viscoelasticity (LVE)
1.1 Basic modes of deformation








1.1.1 Startup deformation









1.1.2 Step strain










1.1.3 Oscillatory shear






1.2 Linear responses










1.2.1 Elastic Hookean solids








1.2.2 Viscous Newtonian liquids








1.2.2 Viscous Newtonian liquids








1.2.3Viscoelastic responses - Boltzmann superposition principle 


1.2.4 Maxwell model

1.3 Classical rubber elasticity

2. Molecular characterization in LVE regime
2.1 Dilute limit










2.1.1 Viscosity of Einstein suspensions   






2.1.2 Kirkwood-Riseman model

      





2.1.3 Zimm model 









2.1.4 Rouse model










i. Stokes law of friction









ii. Brownian motion and Einstein-Stokes formula for solid particles




iii. Equations of motion and Rouse relaxation time R





iv. Rouse dynamics for unentangled melts





2.1.5 Relationship between diffusion and relaxation

2.2 Entangled state









2.2.1 Phenomenological evidence of chain entanglement





i. Elastic recovery phenomenon 








ii. Rubbery plateau in creep compliance







iii. Stress relaxation

2.2.2 Transient network models 








2.2.3 Models depicting onset of chain entanglement






i. Packing model










ii. Percolation model








2.3 Molecular-level descriptions of entanglement dynamics





2.3.1 Reptation idea of de Gennes







2.3.2 Tube model of Doi and Edwards







2.3.3 Polymer mode coupling theory of Schweizer





2.3.4 Self diffusion vs. zero-shear viscosity 






2.3.5 Entangled Solutions

2.4 Temperature dependence

2.4.1 Time-temperature equivalence 

2.4.2 Thermo-rheological complexity

2.4.3 Segmental friction and terminal relaxation dynamics
3. Experimental Methods
3.1 Shear rheometry

3.1.1 Linear displacement










i. Sliding plate rheometer 









ii. Co-cylinder axial sliding rheometer






3.1.2 Rotational motion










i. Parallel disks










ii. Cone-plate











iii. Cone-partitioned plate


iv. Couette


3.1.3 Pressure-driven apparatus



i. Capillary die 










ii. Channel slit 

3.2 Extensional rheometry

3.2.1 Instron type stretcher








3.2.2 Extender at fixed length

3.3 Rheo-optical (in situ) methods


3.3.1 Flow birefringence










i. Stress optical rule (SOR)









ii. Breakdown of SOR









3.3.2 Scattering (X-ray, light, neutron)







3.3.3 Spectroscopy (NMR, fluorescence, IR, Raman, dielectric)

PART TWO: NONLINEAR RHEOLOGICAL PHENOMENA AND NEW CHARACTERIZATION TOOLS
4. Common nonlinear phenomena
4.1 Stress overshoot during startup deformation and shear thinning

4.2 Startup in creep
4.3 Strain softening: relaxation after step strain

4.3 Evidence for yielding: elastic recovery experiment
4.5 Nonlinearity in large amplitude oscillatory shear


4.5.1 Strain softening


4.5.2 Wave distortion 

4.6 Spurt flow in capillary extrusion
4.7 Extrudate swell
4.8 Melt fracture

4.8.1 Meniscus instability


4.8.2 Sharkskin-like melt fracture


4.8.3 Gross melt fracture

4.9 Filament failure in extension

5. Characterization of deformation field: particle tracking/imaging velocimetry
5.1 Homogeneous responses

5.1.1 Basic principle for rheometry – uniform deformation   



5.1.2 Equivalence between controlled-rate and controlled-stress shear in steady state


5.1.3 Superposition of SAOS on steady shear

  
5.1.4 Non-entangled and weakly entangled polymers

5.2 Particle tracking velocimetry (PTV)









5.2.1 Simple shear 










i. Motions in XZ plane









ii. Imaging in XY plane








5.2.2 Channel flow

5.3 Single molecule imaging velocimetry (SMIV)








5.3.1 Simple shear










5.3.2 Channel flow
PART THREE: YIELDING – PRIMARY NONLINEAR RESPONSES
6. Wall slip – Interfacial yielding
6.1 Notion of wall slip in terms of Navier-de Gennes extrapolation length b
6.2 Spurt and pressure oscillation in capillary flow

6.2.1 Stick-slip transition 









i. Capillary flow










ii. Shear flow










6.2.2. Uncertainty in boundary condition in rate mode






i. Oscillation between entanglement and disentanglement 





ii. Polymer desorption on weak surfaces: permanent slip





iii. Two more flow oscillations
6.3 Theoretical accounts


6.3.1 Small surface coverage - Brochard-de Gennes theory




6.3.2 Saturated adsorption – disentanglement picture





6.3.3 Origin of stick-slip transition: breakdown of adhesion

6.4 Wall slip in startup shear: Interfacial yielding
6.5 Arrested wall slip

6.6 Apparent strain softening

7. Yielding during startup deformation
7.1
Yielding in slow shear: elastic deformation preceding terminal flow

7.2
Stress overshoot in sudden rapid shear

7.2.1 Elastic response during initial startup deformation 




7.2.2 Scaling characteristics of the yield point



i. Elastic deformation regime









ii. Viscoelastic regime










iii. Terminal flow regime – eventual flow by molecular diffusion

7.2.3 Molecular picture of yielding in continual deformation



7.3 Rheological evidence of chain disentanglement


7.3.1 Superposition of small-amplitude oscillatory shear onto steady state shear


7.3.2 Convective constraint release
7.4
Entanglement-disentanglement transition under creep

7.5
Yielding in startup uniaxial extension


7.5.1 Myth with Considère criterion


7.5.2 Tensile force maximum




i. Elastic deformation regime



ii. Elastic recoil


7.5.3 Force maximum in terminal flow and for Maxwell fluids


7.5.4 DE speculation of necking

7.5.5 Tensile force (engineering stress) vs. (true) stress





7.5.6 Lack of steady state








7.6 Ductile vs. brittle failure

8. Shear banding after yielding
8.1 Shear banding

8.1.1 Startup shear









8.1.2 Large amplitude oscillatory shear







8.1.3 Banding: minimum removal of chain entanglements


8.1.4 Back flow upon shear cessation

8.2 Lack of unique steady states

8.3 Recovery of shear homogeneity 

8.4 A phase diagram

PART FOUR: COHESION OF ENTANGLED LIQUIDS AND ELASTIC YIELDING
9. Cohesive strength of entanglement network
9.1 Cohesive strength of entangled polymers (MW independent)

9.1.1 Cohesion due to entanglement: dimensional analysis



9.1.2 Schweizer depiction of cohesion

9.2 Overcoming cohesion in creep: entanglement-disentanglement transition 

10. Elastic yielding in simple shear and uniaxial extension
10.1 Step shear
  10.1.1 Tube model prediction

  10.1.2 Experimental measurements

  10.1.3 PTV revelation: elastic yielding

10.2 Step extension

  10.2.1 Necking in melts

  10.2.2 Brittle failure in crosslinked systems

PART FIVE: APPLICATIONS OF POLYMER RHEOLOGY IN PROCESSING

11. Yielding in pressure-driven flow: PTV observations
11.1 Disentanglement in entry flow 

11.2 Capillary flow in absence of entrance effect





11.3 Extensional deformation at die entry 
11.4 Extensional yielding before capillary flow
12. Challenges in polymer processing

12.1 Edge Fracture

12.2 Discontinuity in deformation field: a singularity

12.3 Melt strength

12.4 Extrudate distortions


12.4.1 Sharkskin melt fracture (due to exit boundary singularity)



12.4.2 Gross distortions (due to entry flow instability)


12.5 Fiber spinning
13. Conclusions - Future objectives in polymer rheology
13.1 Theoretical challenges
13.2 Experimental difficulties
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