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PREFACE

ABSTRACT

Coil roll coating is an industrially mature process to produce pre-coated steels at high
speeds.30% sales by revenue for Tata steel colors, UK is attributed to the manufacture of
architectural steels which is primarily used for composite panels for cladding systems. A
research programme has been carried out which has examined the mechanisms by which
the coating is picked up from the coating trough by the roll, with a reference to a defect
where an insufficient coating is transferred leading to a defect named paint misses (PMD).
A comprehensive study of a pair of coatings, one which demonstrated PMD and one
which did not identify that their performance difference could be attributed to differences
in rheology. The coating extensional viscosity and elasticity were identified as indicators
of the behaviour. The identification of these primary rheological characteristics was
corroborated through a blind test of a further pair of coatings where PMD had been
observed on the coating line. The ability of the pickup roller to pull the coating from the
trough and apparent wall slip (AWS) near the surface were identified as the dominant
mechanisms. These mechanisms were also identified in a laboratory-scale simulation of

the pickup cylinder rotating in the coating trough.

Model PVC coatings were manufactured where the pigment concentration and solvent
level was varied independently to develop the further underlying relationship between
material rheology and coating pick up. The Mooney analysis method used to examine the
slip behaviour was found to be inadequate for describing the behaviour of the liquid
coatings. The deviation between idealised and real behaviour increased as polymer and
pigment mass fraction increased. The quantity of coating picked up by the roll was found
to be difficult to measure accurately due to the presence of the ribbing phenomena, which
was particularly evident on the commercial coating systems. Additionally, liquid coating
pickup tended to reduce with roll speeds and decreased with increasing pigment fraction

(and hence viscosity).

The study recommends an updated Quality Control (QC) system for checking the liquid

coatings prior to being introduced to the process coating line.



DEDICATION

| dedicate this research work to my beloved mother, Mrs Maria Sarah Mugabo, for
instilling in me the values of hard work, determination, the courage to dream big and

kindness.

Thank you, mamal



ACKNOWLEDGEMENTS

Firstly, I would like to acknowledge my family; Mrs Maria Sarah Mugabo, Sammer Joyce
Mugabo; Malachi Allan Muchiirawehondo, Makayla Maria Muchiirawehondo, Nuruh
Kiyemba, Jannat Kiyemba and Halima Kiyemba, for standing with me throughout this

chapter of my life.

Secondly, | owe a great deal of gratitude and appreciation to my academic supervisors,
Dr Eifion Jewell and Dr Justine Searle, for the support and guidance without which |
couldn’t have reached this far. | am honoured and humbled to have met and worked with

you.

Furthermore, | would like to thank Mr Joel Rousseau and Dr Jonathon Elvin for the
support and industrial input you brought to this research project to ensure that the research

work conducted is both industrially and academically relevant.

Furthermore, |1 would like to thank Swansea University, Materials and Manufacturing
Academy (M2A), Tata steel Europe and the Engineering Physical and Science Research
Council (EPSRC) for the financial support.

And finally, I would like to acknowledge WCPC (Welsh Coating and Printing Centre),
AIM and SPECIFIC for letting me utilise their facilities and equipment to successfully
conduct my research.

Thank you,

Sara Lairah Mugabo



Declarations

This work has not previously been accepted in substance for any degree and is not being
concurrently submitted in candidature for any degree.

Signed: I

Date: 10/09/2020

This thesis is the result of my own investigations, except where otherwise stated. Other
sources are acknowledged by footnotes giving explicit references. A bibliography is
appended.

Signed: G

Date: 10/09/2020

I hereby give consent for my thesis, if accepted, to be available for photocopying and
for inter-library loan, and for the title and summary to be made available to outside
organisations.

Signed: G

Date: 10/09/2020



TABLE OF CONTENTS

PREFACE ...ttt sttt h et b e s et et s bt s e s e e sb e e s e sreese e nesbeenneane ii
ABSTRACT .ttt h e et bt st e e s bt et e s r e bbbt e ae bt aeen e re e ens ii
DEDICATION. ...ttt ettt sttt b e sa e iii
ACKNOWLEDGEMENTS. ...ttt sttt s s s ae b e sreeneeas iv
TABLE OF FIGURES.......cco ittt XV
NOMENCLATURE ...ttt st s e XXVii
CHAPTER ONE ...ttt ettt st bbbt et e e b 1
1.1  COIL COATING PROCESS AT TATA STEEL COLORS........ccocceniieiiniceenneee, 1
1.1.1 PROJECT AIMS AND OBJECTIVES......cccot ettt 7
1.2  PROJECT MOTIVATION ....cociiiiteiitettee ettt 9
1.3 THESIS STRUCTURE.......ccooiititeiteteerteere ettt st s s 10
CHAPTER TWO ..ttt st s sr e 11
2.1 INTRODUCTION TO ROLL COATING PROCESS. ........cccooiveniniecneceerenene 11
2.1.1. FORWARD ROLL COATING CONFIGURATION ......ccceviiiiiiiriiiniiininn 13
2.1.1.1. CLASSICAL AND MENISCUS FLOW REGIME .......cccccoveiiniiinenen. 14
2.1.2. REVERSE ROLL COATING CONFIGURATION.......ccceeiiirinireccreceneen 17

2.1.3. DEFORMABLE ROLL COATING WITH NEGATIVE AND POSITIVE GAP

SETTINGS ... 20
2.1.3.1. NEGATIVE GAP CONFIGURATION ....oooiiiiiiiieieeeecee e 21
2.1.3.2. POSITIVE GAP CONFIGURATION ....ccoociiiiininiiniiniicceecccsens 22

2.2. COATING DEFECTS ENCOUNTERED DURING ROLL COATING

PROGCESS. ...t 23
2.2.1. RIBBING ...ttt 24
2.2.2. MISTING ... e 26

Vi



2.2.3. COATING DEBRIS.......ooeeeeeeee e e 27

224, SOLVENT BOIL....oiiiiieeeceeeeeeee ettt s 28
2.2.5. FAT EDGES ...ttt e 29
2.2.6. PAINT MISSES DEFECT (PMD)....cotoiiiiiiieiinieiniceietseenceeeeseeieees 30
2.3. RHEOLOGY OF COATING LIQUIDS DURING ROLL COATING ............... 31
2.3.1. SHEAR RATE DEPENDENT VISCOSITY ...ccoiiiriiiinieeneee e 32
2.3.2.  GAP SIZE VISCOSITY DEPENDENCE........cccccooviiiiniiiiiiiiiiice, 34

23.3. TIME DEPENDENCE RHEOLOGICAL PROPERTIES OF COATINGS39

2.3.4. SHEAR RHEOMETRIC TECHNIQUES FOR CHARACTERISING
COATING. ..ttt sttt sttt he et s bt e st e bt s bt et e sb e et e nbesaeebesaeenee 45

2.4. EXTENSIONAL FLOW OF COATINGS......c.oooeiiiirenineeeneceeeseeeesneeeesre e 48

2.4.1. EXTENSIONAL RHEOMETRIC TECHNIQUES FOR CHARACTERISING

COATINGS FLUIDS ...ttt st sttt ettt s r e s s et sneeanes 50
2411 FILAMENT STRETCHING RHEOMETER (FSR) ....cceotveinieinieicciene 51
2412 CAPILLARY BREAK UP RHEOMETER (CaBER) ......ccccccveiniinieiniennns 52
24.1.3 FALLING MASS EXTENSIONAL RHEOMER ......cccooiiininenineecene 53

2.4.2 EXTENSIONAL FLOW PARAMETERS........ccoiiieieeeeeeeeee e 53
2421 EXTENSIONAL STRAIN. ...coiiiiiiieeeeeeee e e 53
2422 EXTENSIONAL STRAIN RATE.....iooieeeceeeeee e 54
24.2.3 APPARENT EXTENSIONAL VISCOSITY ...oooiiiiiiirieenereneeeene e 54

2.5 SURFACE TENSION AND CONTACT ANGLE DURING IN ROLL COATING
55

2.5.1 SURFACE TENSION AND CONTACT ANGLE MEASURING TECHNIQUES
FOR CHARACTERISING COATING .....oeooiiteeeiteteeese st 57

26 COATING FORMULATIONS FOR APPLICATION IN COIL COATING

PROGCESS ... bbb 58
2.6.1. PIGMENTS ..ot 59
2.6.2. BINDERS OR RESINS......c.coiiiiiiiiseee e 60
2.6.3 SOLVENTS ...t 61

vii



2.6.4 ADDITIVES ...ttt st s s 61

2.7.  CONCLUSIONS ...ttt st 62
CHAPTER THREE : .......c oottt s e 63
3. L. INTRODUCTION....oiciiiiiitcttresteeeee sttt 63
3.2.  MATERIALS AND METHODS .......ooiiiiiirineeeeeenese e 66
321, MATERIALS ...ttt st st s s e e 66
3.2.1.1. COATINGS ...t 66
3.2.1.2. METAL SURFACES. ... e 66
3.2.2. METHODS ...ttt bt st sb et bt et b e s e e e b eanes 66
3.2.2.1. FOURIER TRANSFORM INFRARED (FT- R) SPECTROSCOPY...... 66
3.2.2.3. MICROSTRUCTURAL ANALYSIS ...t 67
3.2.2.4. THERMAL ANALYSIS ..o 69
3.2.2.5. DENSITY MEASUREMENTS ..ottt 70
3.2.2.6. SURFACE TENSION MEASUREMENTS......cccoiiiiiieneeeeneeeeieee 70
3.2.2.7. CONTACT ANGLE (WETTABILITY) MEASUREMENTS.........cc..... 71
3.2.2.8. CONTACT ANGLE MEASUREMENTS USING A SESSILE METHOD.
72
3.3, RESULTS e s 73

3.3.1. FOURIER TRANSFORM INFRARED SPECTROSCOPY (FT-IR) ANALYSIS

73
3.3.2. MICROSTRUCTURAL ANALYSIS AND EDX.....ccoecvniriiiiiiiiiiiiiinincnee 75
3.3.3. THERMAL ANALYSIS (TGA - DTG) ANALYSIS ...t 77
3.3.4. DENSITY AND SURFACE TENSION MEASUREMENTS ......ccccceivinienenenaen. 80
3.3.5. COATING WETTABILITY ON THE PICKUP ROLL.....cccceouiiiiiiiiininiininne 81
3.3.6. COATING WETTABILITY ON A PRIMER COATED SURFACE.................. 83
34, CONCLUSIONS ...t 84
CHAPTER FOUR: ...ttt st sre e 86

viii



4.1, INTRODUCTION. ..ottt ne e ne e 86

4.2. MATERIALS CHARACTERISATION ....ccootiiiiniieieieteeneseeeeeeeeeeee e 88
421 SHEAR RATE- DEPENDENT VISCOSITY ..ooiiiieiinieenineereseeese e 88
4.2.2 DYNAMIC OSCILLATORY RHEOMETRY ...cccoeiiiiiiiininienieiceiceeeseeeene 89

4221 DYNAMIC AMPLITUDE STRAIN SWEEP.......cccccoonininiiiiininieee 90
4222 DYNAMIC FREQUENCY SWEEP......cccoiiiiiiiiiiiicceen 90
4.2.3 APPARENT WALL SLIP (AWS) ...oitiiiiiiiiirieieeeieneeeeese et 90
4231 GAPSIZE VISCOSITY DEPENDENCE- ......ccccotiiiiiinieneneeeneeeee e 90

4.3 RESULTS Lottt bbbttt st b et b e e bt saeeeesbeeanes 90
4.3.2 STEADY STATE FLOW CURVES........cootiireirteeceeeee e 91
4.3.3 THIXOTROPY ..ottt ettt st st et sb st sb e e b e e b s 92

4331 THIXOTROPIC HYSTERESIS LOOP ANALYSIS ....cociiiieineeeeeee 92
4.3.4 DYNAMIC OSCILLATORY RHEOMETER ......ccceiiiiiiieeee e 94
4.3.41 AMPLITUDE SWEERP ......ooiiiiiiiiienteeeeeeeeerese st 94
4342 FREQUENCY SWEEP ...ttt 97

44  APPARENT WALL SLIP (AWS) ...cooiiiiiiiinieieeetreeet ettt 100
44.1. APPARENT SHEAR RATE AGAINST SHEAR STRESS ........ccccciiiniin 100
442 APPLICATION OF THE MOONEY ANALYSIS METHOD.........ccccvvnninee 102
4.43 SLIP LENGTH AGAINST SHEAR STRESS ......c.iooiieteeeeeeeen 106
4.4.4 RELATIVE SLIP CONTRIBUTION (A) AGAINST SLIDING SPEED........... 107
445 CONSTRICTION EFFECTS ON THE FLOW OF COATING B........ccccecun.e. 111

446 DETERMINATION OF ANOMALOUS LAYER THICKNESS OF COATING

B AT GAP SIZE OF 900 MICRONS. .......ccoiiiiiiiieceneee e 116
4.5  CONCLUSIONS ... 117
CHAPTER FIVE. ... ettt s s s s 119



51, INTRODUCTION....octititiitetereetee ettt s s e s 119

5.2.  MATERIALS CHARACTERISATION ....ccccoiiiiiiieieieteenereieeeeeeeesesese s 120

5.2.1. EFFECT OF FINAL SEPARATION DISTANCE ON THE EXTENSIONAL
RHEOLOGICAL PROPERTIES.......cieteeeteeteeee et s 122

5.3 RESULTS L.ttt 123

5.3.1 EFFECT OF GAP SIZE DISTANCE ON THE EXTENSIONAL

RHEOLOGICAL PROPERTIES...ococcoivvvetsseseesssssssssssssssssssssssessssssssssssssssssessses e 123
5.3.2 EXTENSIONAL VISCOSITY AGAINST HENCKY STRAIN .......coooevccerrren 127
B CONCLUSION. ..oococeceeesseeeeesessssessessssseessss s ssss s 128
CHAPTER SIX w.oooveceoetseeeeeesssoseesse s ssssssss s sssssss s ssssssse s 129
B.1  INTRODUCTION ..ccootriiieeeenesssssesssssssssessssssssssssssssssssssess s 129
6.2 METHODOLOGY ..cooorrrioveernessssimessssssssssessssssssssssssssssssssssesssssssssssssssssssssess oo 129
6.3 RESULTS AND DISCUSSIONS ....ooorrieeeeerrrseneeenssssnseesnssssssssnssssssessssss oo 129
6.3.1 MICROSTRUCTURAL ANALYSIS AND ELEMENTAL ANALYSIS........... 129
6.3.2 THERMAL GRAVIMETRIC ANALYSIS .....ccoovrrmriiiieeenenrrsssssinssessseesssssone 130
6.3.3 SHEAR RATE DEPENDENT VISCOSITY w..ccoveeevorrroieeeensssssneeseessssssessnessee 132
6.3.5 DYNAMIC OSCILLATORY RHEOMETRY ....ccooooriiieeernnssssneesensssssnesssessne 132
6.35.1 DYNAMIC AMPLITUDE SWEEP........cccooceccccccmmmmssssineeesnensssssssssssseneess 132
6.35.2 DYNAMIC FREQUENCY SWEEP......cccocccccccccmmmmmssimmeeennensssssssnssessenress 133
6.3.6. APPARENT WALL SLIP INVESTIGATION ....oooooeiiiieerrenrrrsssssineeennnnssssssnne 136
6.3.6.1.  APPARENT SHEAR RATE AGAINST SHEAR STRESS .........ccoecccc 136
6.3.7. EXTENSIONAL VISCOSITY w..covvvvvorerrrsiieeeesenssssssssmsesssssssssssssssssssssesssssssnes 140
6.3.8. ANALYSIS AND VALIDATION ......ooorrriiimeeeerennsssssssmnssssssessssssssssssssesssssssene 141
6.3, CONCLUSIONS ....ccvovresiieeeensssssesssssssssssssssssssssssssssssssssssssssssssssss oo 144
CHAPTER SEVEN ....ooootieeeeetesaeeessssssssessssssssssssss s ssssssss s ssss s sssssess e 145



7.1. INTRODUCTION ..ottt s s s s 145

7.2, METHODOLOGY ....cciiiiiiiieieieieteteitse ettt 145
7.3.  RESULTS: PIGMENTED MODEL FLUIDS.......ccccteiiiteteieeeeeeeeeee e 147
7.3.1. STEADY STATE FLOW CURVES: PIGMENTED MODEL FLUIDS........... 147
7.3.2. OSCILLATORY RHEOLOGY: PIGMENTED MODEL COATINGS ........... 149
7.3.2.1. AMPLITUDE SWEERP ......cciiiiitieieeereeeseeeee et 149
7.3.2.2. FREQUENCY SWEERP ..o 151
7.3.3 GAP SIZE DEPENDENT VISCOSITY ..ottt 154

7.3.3.1 EFFECT OF PIGMENT CONCENTRATION ON CRITICAL SHEAR
STRESS 155

7.3.3.2. APPLICATION OF THE MOONEY ANALYSIS .....ccoooiriinirecinene 156
7.3.3.3. ACCURACY OF THE MOONEY ANALYSIS ..o 158
7.3.3.4. SLIP LENGTH AGAINST SHEAR STRESS. ......cccooeiiireeeeeee, 159

7.3.3.5. RELATIVE SLIP CONTRIBUTION AGAINST SLIDING SPEED .... 162

7.3.3.6. CONSTRICTION EFFECTS ON THE FLOW OF PVC OACTINGS
WITH VARYING PIGMENT CONCENTRATION ....cccooitiiiniriininiccneeeeee 166

7.3.3.7. ANOMALOUS LAYER THICKNESS AGAINST SLIDING SPEED .. 168

7.3.4. EXTENSIONAL VISCOSITY ..coiiiiiiiiiiiiicicciinse e 171
T4, CONCLUSIONS ...ttt s 174
CHAPTER EIGHT ... 175
8.1, INTRODUCTION...ccciititiitcteee et s 175
8.2, METHODOLOGY ...ttt 175
8.3, RESULTS AND DISCUSSION ....cocoviiiiiiiiiiiniiicicieetese e 176

8.3.1. DYNAMIC OSCILLATORY RHEOLOGY .....ccccecirireeiireeeeiseeesreeeese s 176

8.3.1.1. AMPLITUDE SWEERP .......ocoiiiiiiiiiiieiiitee e 176
8.3.1.2. FREQUENCY SWEERP .....ccooiiiiiiiiee 178
8.3.2. APPARENT WALL SLIP (AWS) ..ottt 180

Xi



8.3.2.1. GAP SIZE VISCOSITY DEPENDENCE.........ccccooiiiininieineeeneeee 180

8.3.2. EXTENSIONAL RHEOLOGY w.....oooiiiiiieiinieeieniieiesesrcee ettt 181
8.3.2.1 PROGRESSIVE FILAMENT RADIUS ..o 181

8.4, CONCLUSIONS ...ttt s 185
CHAPTER NINE-: ...ttt st st s sb e s e n e s 187
9.1. INTRODUCTION......oitiiiieiieictetneseseteeee sttt 187
9.2. MATERIALS AND METHODS .......ooiiiiiicieieieteteeseeeeeese e 187
9.2.1. MATERIALS ...ttt st b e st sb et sreeaeens 187
9.2.1.1. COMMERCIAL COATINGS ..ottt 187
9.2.2 DESCRIPTION OF EXPERIMENTAL SET - UP..cooiiiiiiiiiiieieecees 187
9.2.3. MEASUREMENT CALIBRATION ....iootiiiiieirieiereseeiene e 189

9.2.4. RIBBING CONTRIBUTION TO THE TOTAL COATING THICKNESS OF

COMMERCIAL COATING ...ootiitititteterteesre et s 190
9.3, RESULTS AND DISCUSSION ....oooiiiiiiieiinineeesteee e e 192
9.3.1 COMMERCIAL COATINGS ......ccoiiiiiiiii e 192
0.4, CONCLUSIONS ...t 196
CHAPTER TEN: ..ot 198
10.1 INTRODUCTION ..ottt 198
10.2. MATERIALS AND METHODS ...t e 198
10.2.1. MODEL PVC COATINGS ......ccoiiiiiiiiniecees e 198
10.3. RESULTS .ottt sttt n e s ne e 199

10.3.1 RIBBING CONTRIBUTION TO THE TOTAL COATING THICKNESS OF
COMMERCIAL COATING ..ottt 199

10.3.2 EFFECT OF PIGMENT CONCENTRATION ON COATING THICKNESS 200

Xii



10.3.3 EFFECT OF SOLVENT CONCENTRATION ON COATING THICKNESS 204

10.4. CONCLUSIONS ...t 209
CHAPTER ELEVEN . ...ttt st s 210
11.1. QC METHODS ...t 210
11.2. PMD MECHANISM ..ot 211

11.3. LIMITATION OF THE MOONEY ANALYSIS WITH REAL PAINT SYSTEMS

212

11.4. RIBBING PHENOMENA ..ot 213
CHAPTER TWELNVE ...ttt s s 215
12.1  THESIS CONCLUSIONS ...ttt 215
122 RECOMMENDATIONS FOR FURTHER WORK .......ccocceiiiieiiecneceee, 216
BIBLIOGRAPHY ..ttt sttt ettt sr e st sb e et sbe e 218
APPENDINGCES ...ttt e st 230

APPENDIX A: MATERIALS SAFETY DATA SHEETS (MSDS) .....cccocecvveineiniennn. 230

APPENDIX B: REPEATABILITY AND RELIABILITY STUDIES FOR TGA-DTG

STUDIES. ..ottt st r s e e e sr e e e s resreen 233
APPENDIX C: CHEMICAL ANALYSIS OF PLASTICERAM BLACK. .....cccccvvneneee. 234
APPENDIX D: CHEMICAL ANALYSIS OF PLASTICERAM SUN MERLIN......... 240
APPENDIX E: SURFACE TENSION AND SURFACE ENERGY .....cccccceeiivivienenaen. 246

APPENDIX F: SHEAR RHEOLOGY OF PLASTICERAM BLACK COATINGS.... 248

APPENDIX G: PLASTICERAM SUN MERLIN - SHEAR RHEOLOGY .................. 257

APPENDIX H: PLASTICERAM SUN MERLIN — EXTENSIONAL RHEOLOGY .. 259

APPENDIX I: SURFACE TENSION AND DESNISTY OF MODEL PVC COATINGS
260

xiii



APPENDIX J: EXTENSIONAL RHEOLOGY OF MODEL PVC COATINGS......... 261
APPENDIX K: PARAMETRIC STUDIES USING A ROLL COATING RIG............ 262

APPENDIX L: PARAMETRIC STUDIES USING COMPUTATIONAL FLUID
DYNAMICS (CFD) MODEL OF A RIG AS AMODEL......ccccccviiiiiiiniciecns 265

Xiv



TABLE OF FIGURES

Fig. 1 - 1: Schematic of a coil coating process line employed by Tata Steel Colors at

NS 010 L] OSSPSR 1
Fig. 1 - 2: Pre-coated galvanised steel manufactured at Tata Steel Colors. ..................... 5
Fig. 1 - 3: Schematic of a coating head with a coating trough fed system ...................... 7
Fig. 2 - 1: Schematic of a transfer nip gap in positive gap Setting..........c.ccccevvevvvrvennnnn, 12
Fig. 2 - 2: Pressure variation along the nip gap adapted from [14] .......cccoovveviiieieennenn, 12
Fig. 2 - 3: Schematic of a classical flow regime (a) and meniscus (D) ........cc.ccoevvvvenene. 14
Fig. 2 - 4: Schematic of a reverse roll coating configuration .............cccceoeenirininniinienn, 17

Fig. 2 - 5. Schematic of a forward roll deformable coating process in a negative gap
regime, adapted frOM27] ......oooiie e e 22
Fig. 2 - 6: Schematic of forward roll deformable coating in a positive gaps regime, adapted
TTOM [34] et 23
Fig. 2 - 7: Cost of defects to Tata steel Colors, Walsall, from January — August 2019 . 23
Fig. 2 - 8: Pictorial description of ribbing coating defect............ccccoevviiiiiciiciecee, 24
Fig. 2 - 9: Pictorial description of char particulates (a) and coating debris defect (b). .. 27
Fig. 2 - 10: Pictorial description of SOIVeNt DOIl............cccooiiiiiiiiie 28
Fig. 2 - 11: Formation of picture framing or fat edge product defect schematically from

image (a) — (¢), where asolids is the surface tension of the dissolved solids and gsolids

is the surface tension of the SOIVENL. ..o, 29
Fig. 2 - 12: Pictorial description 0f PMD .........cccocoiiiiii i 30
Fig. 2 - 13: A simple shear flow of @ HQUId..........ccooeiiiiiiiii e 32

Fig. 2 - 14: Velocity profiles of flow through gap sizes of plates: Image (a) a simple shear
flow, Image (b) a flow with true slip, Image (C) a flow with positive AWS (C) and Image
(d) a flow With NEQAtIVE AWS. ........oiiieie e 35
Fig. 2 - 15: shows images of Polyethylene extrudate: (a)absence of slip tendencies (no-
slip boundary extrusion of polyethene) and (b) Product quality in the presence of stick-

slip, obtained from [B7]. ...ccoviiie e 38
Fig. 2 - 16: Strain and stress response of an ideal viscous material (Left) and Ideal elastic
MALErTAl (RIGNT) ... bbb 41
Fig. 2 - 17: Strain response of a perfect elastic body...........ccccovvviiiiiniieniiccee, 42

XV



Fig. 2 - 18: Strain response of a perfect VisCous DoAY ..........ccoovvveriineniniieneee e 43

Fig. 2 - 19: Strain response of a viscoelastic fluid.............ccocooiiiiiiiin, 44
Fig. 2 - 20: Types of extensional flow. (a) Uniaxial (b) Bi-axial (c) Planar axial.......... 48
Fig. 2 - 21: Schematic of a filament stretching Extensional rheometer (FSR)............... 51
Fig. 2 - 22: Schematic of a Capillary Break Up tensional rheometer (CaBER).............. 52
Fig. 2 - 23: Schematic of a Falling Mass extensional rheometer. ............cc.ccoovvvvviieinenn, 53

Fig. 2 - 24: Static contact angle using a sessile method - Contact angle < 90° (top right)
and Contact angle > 90° (DOttOM FIGNL)........ccvereveiiieeceee e 56
Fig. 2 - 25: Constituents of a waterborne based coating (a) and Solvent bsed coatings (b)

Fig. 3 - 1: The pick - up roll rotation in the coating trough with a coating curtain being
formed when the Process IS OPEIAtING..........coivrerieierierierie st 64

Fig. 3 - 2: Schematic of a pick - up roll rotating in the coating trough; a flow without true

slip phenomena (scenario 1) and flow with true slip (Scenario 2). ........ccccceevveveiienen, 65
Fig. 3 - 3: PerkinElmer FT-IR two - UATR (serial number of 47443) ..........ccccceovvnenn. 67
Fig. 3 - 4: Blade coating of PVC topcoat on acrylic primer-coated steel sample (on the
left) and cured coating film (on the right).........cccooeiiiii i 68
Fig. 3 - 5: PerkinEImer Thermogravimetric analyser (TGA - Pyrisl)........cccccecvreennenn. 69
Fig. 3-6: FTA 32 Optical teNSIOMELEr.......c.oiiiiiieieiesieeieseseeee s 70
Fig. 3 - 7: Surface preparation for wettability study on ECCS..........ccccooiiiiiniinieienn, 72
Fig. 3 - 8: A sessile drop method for contact angle measurements..............ccccceveeveenen. 72

Fig. 3 - 9: Schematic of a reverse roll coating process showing the distance of travel of
coating droplet from the point of impact, A, to the destination, B. .............ccecvevvrennns 73
Fig. 3-10: FT - IR analysis of Coating B and Coating S, peaks normalised based on the

C — CL Vibrational DONGS. .........ccoiiiiiiiiee e 74
Fig. 3 - 11: Elemental EDX microanalysis of coated steel with Coating B as the topcoat.
........................................................................................................................................ 76
Fig. 3 - 12: Elemental EDX microanalysis of coated steel with Coating S as the topcoat.
........................................................................................................................................ 76
Fig. 3 - 13: Comparison of thermal degradation (primary axis) and rate of degradation
(secondary axis) as a function of temperature for Coating B and Coating S.................. 78
Fig. 3 - 14: Dynamic contact angle of coatings on different surfaces............cccceevevenen. 81


file:///C:/Users/mugabsa001/Desktop/MINE/THESIS%20-%20corrections%20(A).docx%23_Toc49030743
file:///C:/Users/mugabsa001/Desktop/MINE/THESIS%20-%20corrections%20(A).docx%23_Toc49030743

Fig. 3 - 15: Contact angle measurements of Coating S and Coating B on dry ECCS at pick
- up roll speeds of 90 and 70 M/MIN. ....ooiiiiiii s 82
Fig. 3 - 16: Contact angle of Coating S and Coating B on pre-wetted ECCS at pickup roll
speed 0f 90 aNd 70 M/MIN. ..o e nre s 82
Fig. 3 - 17: Dynamic contact angle of Coating B and Coating S on both PU and Acrylic
Primer COAtEd STEEL.......cuiiieiieice e et 83

Fig. 4 - 1: Schematic of pick - up roll in the coating trough with negative AWS (scenario
1) and positive AWS (SCENAMO 2) .....ocveiviiiiriiiiiiieieie ettt 87

Fig. 4 - 2: Cone and Plate geometry employed in the of steady-state and dynamic flow

1 T=T0] 00 V2SS 88
Fig. 4 - 3: Comparison of apparent viscosity against shear rate for Coating B and Coating
S e e ettt et h et e e he et et e At e he et et R et et e e e Re et et eReete et et ere et e e eneerens 91
Fig. 4 - 4. Comparison of thixotropic analysis loop for Coating B and Coating S......... 93

Fig. 4 - 5: Amplitude sweep of Coating B showing Elastic and Viscous modulus as a
TUNCHION OF STFAIN ....ecviiiie et enes 94
Fig. 4 - 6: Amplitude sweep of Coating S showing Elastic and Viscous modulus as a
FUNCEION OF SEFAIN ..o e 95
Fig. 4 - 7. Amplitude sweep of a Porcine — based cold rolling oil conducted in a linear
MOTE SELLING. ...ttt bbbttt b e bbbt et e e e e e 96
Fig. 4 - 8: Amplitude sweep of a Porcine — based cold rolling oil conducted in a
logarithmic Mode SEtING. ......ccveiie e 96
Fig. 4 - 9: Frequency sweep of Complex viscosity (Secondary axis- Pas), Elastic and
Viscous modulus for Coating B (Primary axisS — Pa).......c.ccccuuvririiiinene e, 97
Fig. 4 - 10: Frequency sweep of Complex viscosity (Secondary axis- Pas), Elastic and
Viscous modulus for Coating S (Primary axis — Pa) .......ccccceevevieveiieiiece e 98

Fig. 4 - 11: Comparison of elastic modulus during the Frequency sweep for coating B and

COBLING Sttt bbbt bbbt h et e b et e bbb bt b et 99
Fig. 4 - 12: Comparison of viscous modulus during the Frequency sweep for coating B
AN COALING S e e e s b e st e e st e et e e e e e beearee s 99
Fig. 4 - 13: Phase angle against Frequency sweep for coating B and Coating S.......... 100
Fig. 4 - 14: Apparent shear rate against shear stress for Coating B.............cccccceveneneen. 101
Fig. 4 - 15: Apparent shear rate against shear stress Coating S..........cccccoeevvvririnriennen, 101



Fig. 4 - 16: Application of the Mooney analysis for Coating B ...........ccccooeviiiiiinnnen, 104
Fig. 4 - 17: Application of the Mooney analysis for Coating S...........c.ccocvvririinnennen. 104
Fig. 4 - 18: Accuracy of Money correlation for Coating B and Coating S................... 105
Fig. 4 - 19: Slip velocity against shear stress for both Coating B and Coating S......... 105
Fig. 4 - 20: Slip length (Primary axis) and Rate of decrease of slip length (secondary axis)

WIEN SNEAK SIIESS. ...ttt ettt e e sae e teeneesreenne e 107
Fig. 4 - 21: Relative slip contribution against sliding speed for Coating B.................. 108
Fig. 4 - 22: Relative slip contribution against sliding speed for Coating S .................. 109

Fig. 4 - 23: A comparison of relative slip contribution (A) against sliding speed 100 um
gap for Coating B and COatiNg S..........ccoiiiiririiiieie et 110
Fig. 4 - 24: A comparison of relative slip contribution (A) against sliding speed 500 pum
gap for Coating B and Coating S.........cccooieiiiiiiieiece e 110
Fig. 4 - 25: A comparison of relative slip contribution (A) against sliding speed at 900
pm gap size for Coating B and Coating S .........cceieiiiiniiiiirieee e 111

Fig. 4 - 26: Stagnation ration against Shear stress for Coating B at different gap sizes

Fig. 4 - 27: Stagnation ratio against Shear stress for Coating B at different gap sizes. 113
Fig. 4 - 28: Schematic of constriction effects during the flow-through plates ............. 114
Fig. 4 - 29: A comparison of Stagnation ratio (N) against sliding speed at 100 um gap
size for Coating B and Coating S.........ccccovveiiiii i 114
Fig. 4 - 30: A comparison of Stagnation ratio (N) against sliding speed at 500 um gap
size for Coating B and Coating S..........cooiviiiiiiiiiie e 115
Fig. 4 - 31: A comparison of Stagnation ratio (N) against sliding speed at 900 um gap
size for Coating B and Coating S.........ccccoiveiiiiieiiece e 115
Fig. 4 - 32: A comparison of Stagnation ratio (N) against sliding speed at 900 um gap
size for Coating B and Coating S..........cooiviiiiiiiiiie e 116

Fig. 5 - 1: Schematic of a pickup roll in the coating trough with high extensional flow
(scenario 1) and low extensional flow (SCENArio 2) ........cccccovvvveieienenciiseceeee, 120

Fig. 5 - 2: CaBER employed in the study extensional flow properties of coating samples

Fig. 5 - 3: Schematic of plate separation at different differential gap sizes. The initial
separation gap of 1.3 mm is included in the total distance. ...........cccccvvevviverivcieseennnnn, 122

XViii


file:///C:/Users/mugabsa001/Desktop/MINE/THESIS%20-%20corrections%20(A).docx%23_Toc49030796
file:///C:/Users/mugabsa001/Desktop/MINE/THESIS%20-%20corrections%20(A).docx%23_Toc49030796

Fig. 5 - 4: Progressive filament thinning of Silicone oil............cccooi i, 123
Fig. 5 - 5: Progressive filament thinning of silicone oil as a function time at different
SEPArAtION AISTANCES .....veivveeeeie ettt et et e st e e e e reesaeesaeeneesraenneens 123
Fig. 5 - 6: Determination of flow properties of Silicon oil at different gap sizes......... 124
Fig. 5 - 7: Progressive filament thinning radius of Coating samples against time....... 126
Fig. 5 - 8: Progressive filament thinning radius of Coating samples against time....... 127

Fig. 5 - 9: Extensional viscosity against Strain ...........cccevveieiieeie s 127

Fig. 6 - 1: Micrograph of Coating (a) X and (b) Y showing particle size and distribution
at 1 pum scale and 8.42K reSOIULION. ........ccvciieiiiieii e 130
Fig. 6 - 2: Elemental analysis of Coating (a) X and (b) Y ...c.cccevviieieeieiieceece e, 130
Fig. 6 - 3: Comparison of thermal degradation (primary axis) and rate of degradation
(secondary axis) as a function of temperature for Sample X and Y .......cccccovevvvvrnnnens 131

Fig. 6 - 4: A comparison of the steady-state viscosity flow curves of Coating X and

(@011 0 T SRS 132
Fig. 6 - 5: Amplitude sweep for Coating X .......cccooeiirinininerieee e, 133
Fig. 6 - 6: Amplitude sweep for Coating Y .....cccoeieiiieniiesereee e, 133
Fig. 6 - 7: Frequency sweep for Coating X at strain value of 0.7..............ccccovevviienen, 134
Fig. 6 - 8: Frequency sweep for Coating Y at strain value of 0.4..............ccccoveeeiiennn, 134
Fig. 6 - 9: Comparison of elastic moduli for Coating X and Coating Y.........cc.ceveneee. 135
Fig. 6 - 10: Comparison of Viscous moduli for Coating X and Coating Y .................. 135
Fig. 6 - 11: Comparison of complex viscosity for Coating X and Coating Y .............. 136
Fig. 6 - 12: Apparent shear rate against shear stress for Coating X ..........ccccceeviienen, 137
Fig. 6 - 13: Apparent shear rate against shear stress for Coating Y .........cccceevrvrnennnn. 137
Fig. 6 - 14: Apparent shear rate against inverse gap between from 109 — 510 Pa for
(000711 0 1, G OSSR 138
Fig. 6 - 15: Apparent shear rate against inverse gap between from 109 — 510 Pa for
COBLING Y ottt b e bbbt b bt e et bbbt bt bt et 138
Fig. 6 - 16: Accuracy of Money correlation for Sample X and Y .........ccoccoovvirvinennn, 139
Fig. 6 - 17: Relative slip contribution against sliding speed against shear stress for both
Coating X and COoatiNg Y .....eoiii ettt e e 140
Fig.6 - 18: Extensional viscosity against Strain rate ............c.ccoovvvrereneneneneseeeeen, 141

XiX



Fig. 6 - 19: Compares elastic moduli of Coating S, B, X and S with Coating S at the datum
point. Insert: Elastic moduli in frequency range of 510 25 Hz.........cccooeiiiiiiiicnennee, 142
Fig. 6 - 20: Compares relative slip contribution of Coating S, B, X, Y and S with Coating
S at the datum POINT .........oiieiie e 142
Fig. 6 - 21: Compares extensional viscosity of Coating S, B, X, Y and S with Coating S
At the datum POINT ..o 143

Fig. 7 - 1: Image of a Speed mixer DAC150.1 FVZ.K employed during pigmented model

FIUIAS PrePAratiONS. ... ..cueeiieieieite et 146
Fig. 7 - 2: Apparent viscosity against shear rate for pigmented model fluids of 0.7 — 3.52
Wt.% PIgMENt CONCENTIALION. ....cviiiiiicie e 147
Fig. 7 - 3: Zero shear viscosity against pigment CONCENration .............ccocevvrvrvenennen, 148

Fig. 7 - 4: Elastic modulus against strain sweep for pigmented model fluids of 0.7 — 3.52
Wt.% PIgMENt CONCENTIALION. ....cviiiiiicie e 149
Fig. 7 - 5: Viscous modulus against strain sweep for pigmented model fluids of 0.7 — 3.52
Wt.% PIGMENT CONCENTIATION. ..ot 150
Fig. 7 - 6: Viscous modulus Frequency sweep for pigmented model fluids of 0.7 — 3.52
Wt.% PIgMENt CONCENTIALION. ....cviiiiiiicie e 152
Fig. 7 - 7: Elastic modulus Frequency sweep for pigmented model fluids of 0.7 — 3.52
Wt.% PIGMENT CONCENTIATION. ...viviiiiiiiiieieeee s 152
Fig. 7 - 8: Phase angle against frequency for pigmented model fluids of 0.7 — 3.52 wt.%
PIGMENT CONCENIIALION. ......viiiiiiicitieste ettt e e e e nre s 153
Fig. 7 - 9: Complex viscosity against angular frequency for pigmented model fluids (0.7
B2 WEYD) oot 154
Fig. 7 - 10: Apparent shear rate against shear stress for pigmented model fluids of 0.7 —

3.52 Wt.% pigment CONCENEIALION. ........c.coveiieiecieecie e 155
Fig. 7 - 11: Apparent shear rate against inverse gap size for 0.7 wt. % Pigment for 10 to
o) 0N = LSRR 157
Fig. 7 - 12: Apparent shear rate against inverse gap size for 0.7 wt. % Pigment for 10 to
510 P ottt ettt e ettt ne et nr e re e 157
Fig. 7 - 13: Determination of the Mooney analysis against Shear stress...................... 158
Fig. 7 - 14: Slip length against shear stress for pigment PVC coatings.............ccccvev.... 160

XX



Fig. 7 - 15: Region Il at medium shear stress (mid image), and Region 11l and 1V at high
shear Stress (DOtEOM IMAGE). ....ooveiieiiiie et sre e 161
Fig. 7 - 16: Relative slip contribution against sliding speeds for model fluids with varying
PIgMeNnt CONCENTIALIONS. ......c.ecieiieiiecie ettt e st e e e e reeaeaneenreas 163

Fig. 7 - 17: Relative slip contribution against sliding speed for all pigmented model fluids

...................................................................................................................................... 165
Fig. 7 - 18: Percentage stagnation ration against sliding speed for all pigmented model
FIUIAS ettt bbbt 167
Fig. 7 - 19: A comparison of anomalous layer thickness against sliding speed for all
pigmented model fluids at different gap SIZES ........cccceieriiiiiiinee e, 169
Fig. 7 - 20: Transitional speed against pigment concentration at 1000 um.................. 170
Fig. 7 - 21: Sequence of images progressive filament radius at 0.001, 1.135, 1.519, and
1.81 seconds, reSPECLIVEIY. .....cuoiiiieece e e 171
Fig. 7 - 22: Sequence of images progressive filament radius at 0.001, 2.26, 2.71 and 2.733
SECONMS, FESPECTIVEIY. ..o 172
Fig. 7 - 23: Progressive filament radius against time. ...........ccocceveienenencniniseee, 172
Fig. 7 - 24: Extensional viscosity against Strain rate ...........c.ccccevevveieevesccseece e, 173

Fig. 8 - 1. A comparison of elastic modulus curves of solvent concentration of 0 (PVC
clear base), 4, 8 and 12 WE. 90 ......couveieiieiecie et 177
Fig. 8 - 2: A comparison of viscous modulus curves of solvent concentration of 0 (PVC
clear base), 4, 8 and 12 WE. 90 ......ovveieiieiie et 177
Fig. 8 - 3: A comparison of elastic modulus curves of solvent concentration of 0 (PVC
clear base), 4, 8 and 12 WE. 90 ......ccveieiieiicie et 178
Fig. 8 - 4: A comparison of viscous modulus curves of solvent concentration of 0 (PVC
clear base), 4, 8 and 12 WE. 90 ......ovveieiieiieieeie et 179
Fig. 8 - 5: A comparison of phase angle curves of solvent concentration of 0 (PVC clear
DasE), 4, 8 AN 12 WL Y0...cveiiiiiiie ettt 179
Fig. 8 - 6: Accuracy of the Mooney analysis for model fluids with 0 wt.% (PVC clear
base), 4 wt.% , 8 wt.%, 12 wt.% and 36.wt.% solvent concentration............c...cc.cue.... 181
Fig. 8 - 7: Sequence of images showing progressive filament radius at 0.15, 1.04, 1.43

and 1.62 Seconds, reSPECLIVEIY . ......uiiiieiii e 182

XXi



Fig. 8 - 8: Sequence of images progressive filament radius at 0.028, 0.239, 0.46 and 0.5
SECONMS, FESPECTIVEIY. ..ot 182
Fig. 8 - 9: Sequence of images progressive filament radius at 0.028, 0.052, 0.59and 0.63
SECONAS, FESPECLIVEIY. ..oiivieiieie it re e 182
Fig. 8 - 10: Sequence of images progressive filament radius at 0.05, 0.18, 0.21 and 0.23
SECONMS, FESPECTIVEIY. ..ot 183
Fig. 8 - 11: Semi-log plot of progressive filament radius with time for different solvent
CONCENTIATIONS ...ttt b e bbbt s et bbb bbb e e e e e e e 183

Fig. 8 - 12: extensional viscosity against strain rate for different solvent concentrations

Fig. 9 - 1: Schematic of a benchtop roll coater rig .........ccoovvrineieninicee, 188

Fig. 9 - 2: Relationship between the position of the laser gauge and Voltage differences

Fig. 9 - 3: (a) Example Coating ribbing and (b) Measured thickness (with ribbing
contribution) against rotation time for Coating B at 34 m/min (13 RPM) .........c.c....... 191
Fig. 9 - 4: Coating thickness (without ribbing contribution) against rotation time (0.15 V
OF L3 RPIMY) .ottt sttt b e ettt e n s 192
Fig. 9 - 5: Image of coating thickness of Coating B on the pickup roll surface during
rotation (a) and pickup roll surface without roll rotation () ..........cccocveveviienieriiiiennn, 193
Fig. 9 - 6: Image of coating thickness of Coating B on the pickup roll surface during
rotation (a) and pickup roll surface without roll rotation (b)..........cccccevvivieiieiiiiiiennen, 193
Fig. 9 - 7: Average coating thickness (with rib contribution) against sliding speeds... 194
Fig. 9 - 8: Coating thickness (without ribbing contribution) against Surface speeds... 195
Fig. 9 - 9: Coating thickness (without ribbing contribution) against sliding speeds.... 196

Fig. 10 - 1: Images of PVC coating thickness on the pickup roll surface; ribbing
phenomena (a) & (c) and typical coating thickness without roll rotation (b) & (d) ); PVC
clear base at the top and 07 wt. % Pigment at the bottom .............ccccoovviieiii e, 199
Fig. 10 - 2: Coating thickness with ribs (blue) and without ribs (orange) against geometry
speeds for PVC clear base (Top row), 0.3 wt. % Pigment (second Top row), 0.7 wt. %
Pigment (second Bottom row) and 1 wt. % Pigment (Bottom row).........c.ccccceeveeennen. 201

XXii



Fig. 10 - 3: Coating thickness (without ribbing contribution) against geometry speeds
note: PVC clear base 0 wt. % pigment cONCentration) ..........cccceveveneneninineseeeen, 202
Fig. 10 - 4: Coating thickness (with ribbing contribution) against geometry speeds note:
PVC clear base 0 wt. % pigment CONCENLrAtiON) .........cccevveieiierieeie e 203
Fig. 10 - 5: Rib contribution to coating thickness against pigment concentration (note:
PVC clear base 0 wt. % pigment CONCENTIAtION) ........ccververieiieiieeie e 203
Fig. 10 - 6: Photographs of PVC coating thickness on the pickup roll surface; during roll
rotation with ribbing phenomena (a) and typical coating thickness without ribs when there

isn’t roll rotation (b); PVC clear base at the top and 57.7 wt. % solvent at the bottom.

Fig. 10 - 7: Coating thickness with ribs (blue) and without ribs (orange) against geometry
speeds for PVC clear base (Top row), 4 wt. % solvent (second Top row), 36 wt. %
Pigment (second Bottom row) and 57.7 wt. % Pigment (Bottom row)..............cccco...... 206
Fig. 10 - 8: Solvent concentration thickness (with ribbing contribution) against sliding
] 1< 0 USSR 207
Fig. 10 - 9: Solvated PVC coatings thickness (without ribbing contribution) against
SHAING SPEEAS ...ttt 207
Fig. 10 - 10: Rib contribution to coating thickness against solvent concentration. ...... 208

Fig. 11 - 1: Extensional viscosity against Strain rate .............ccocvverenenenenesesieeeen, 212

Fig.13 - 1: MSDS of Plasticeram Top Black showing coating constituents................. 230
Fig.13 - 2: MSDS of BDA showing chemical and physical properties of solvent....... 231
Fig.13 - 3: MSDS of Petrosol showing chemical and physical properties of solvent.. 232
Fig.13 - 4: Repeatability and reproducibility study of TGA curves on Coatings S...... 233
Fig.13 - 5: Repeatability and reproducibility study of TGA curves on Coatings S...... 233
Fig.13 - 6: Micrograph of coated steel from which elemental mapping was derived with
Coating X as the tOPCOAL JAYET. ........ccoiiiiiiiieiee s 234
Fig.13 - 7: Electron mapping of cross-section of coated steel from which electron
mapping was derived with Coating B as the topcoat layer.............cccccevveiiiiiiecieennnnn, 236
Fig.13 - 8: Micrograph of coated steel from which elemental mapping was derived with
Coating X as the tOPCOAL JAYET. ........ccoiiiiiiiieeie s 237

XXiii



Fig.13 - 9: Electron mapping of cross-section of coated steel from which electron
mapping was derived with Coating S as the topcoat layer ............cccooeveiiiiiiiiicieen, 239

Fig.13 - 10: Electron mapping of cross-section of coated steel from which electron

mapping was derived with Coating X as the topcoat layer.............cccoovevivvieiiveinsiiennn, 242
Fig.13 - 11: Electron mapping of cross-section of coated steel from which electron
mapping was derived with Coating Y as the topcoat layer............ccoeveriiiiiiiciennen, 245
Fig.13 - 12: Determination of contact on the pick -up roll............ccccooiiiiiiieiiien, 246
Fig.13 - 13: Surface energy of different SUrfaces ...........cccceveveeveiie i 247
Fig.13 - 14: In — In plot of shear stress Vs shear rate.............ccooeveieniiiinininicee, 248
Fig.13 - 15: In-In plot of G' Vs Frequency of Coating B...........cccceoeiiiiiiniiicicee, 249
Fig.13 - 16: Ln-In plot of G” Vs Frequency of Coating B..........cccocevviviiiiniiiciennn, 250
Fig.13 - 17: In - In plot of V* Vs Frequency of Coating B............cccccoveviiiciiciicen, 250
Fig.13 - 18: In-In plot of G' Vs Frequency of Coating S.........ccccceveiiiininenieieieen 251
Fig.13 - 19: In-In plot of G” Vs Frequency of Coating S........ccccceveiiieniiinieicie 252
Fig.13 - 20: In - In plot of V* Vs Frequency of Coating B ...........cccoeveveiieveececienn, 252
Fig.13 - 21: Geometry size effect on shear VISCOSItY.........cccevvveiiiieiieie e, 253
Fig.13 - 22: Apparent shear rate against inverse gap flow curves Coating B, shear stress
FANGE 109 — 510 Pa.....oiiiiiieie e 254
Fig.13 - 23: Apparent shear rate against inverse gap flow curves Coating B, shear stress
FANQE 610 — 810 Pa....eiiiiiiieiiiie sttt 254
Fig.13 - 24: Apparent shear rate against inverse gap flow curves Coating B, shear stress
FANGE 910 — 990 Pa......iiiiiiii e 255
Fig.13 - 23: Apparent shear rate against inverse gap flow curves Coating S, shear stress
FANQE 109 — 510 Pa....ciiiiiiiiiiie sttt 255
Fig.13 - 24: Apparent shear rate against inverse gap flow curves Coating S, shear stress
FANGE 610 — 8L0 Pt 256
Fig.13 - 27: Apparent shear rate against inverse gap flow curves Coating S, shear stress
FaNge 910 — 990 Pa.....iiiiiiieiiiie it 256
Fig.13 - 28: Apparent shear rate against inverse gap flow curves Coating X, shear stress
FANGE 510 — BL0 PA....eiiiieiiiiiceee s 257
Fig.13 - 29: Apparent shear rate against inverse gap flow curves Coating X, shear stress
range 910 - 990 Pa. ....ee it 258
Fig.13 - 30: Anomalous layer thickness with sliding speed for Coating X.................. 258
Fig.13 - 31: Anomalous layer thickness with sliding speed for Coating y................... 259


file:///C:/Users/mugabsa001/Desktop/MINE/THESIS%20-%20corrections%20(A).docx%23_Toc49030892

Fig.13 - 32: Progressive thinning of filament radius as a function of time .................. 259
Fig.13 - 33: Bond number against filament radius for Solvated PVC coatings ........... 261
Fig.13 - 34: Bond number against filament radius for pigmented PVC coatings........ 261

Fig.13 - 35: This is a test of running for over 100s to test the laser measurement system

when the roll is rotating at 113.0 M/MIN ..o 262
Fig.13 - 36: A test without any movement of the roll, just background noise ............. 262
Fig.13 - 37: A test without any movement of the roll, just background noise.............. 263
Fig.13 - 38: This is a test of running for over 100s to test the laser measurement system
when the roll is rotating at 113.0 M/MIN ..o 263
Fig.13 - 39: Relationship between Voltage differences and position...........cc.ccccueueee. 264
Fig.13 - 40: Relationship between Voltage differences and substrate thickness ......... 264

Fig.13 - 41: Model of the coating trough designed in Solid works and simulations run in
ANSYS TIUBNT ... 265
Fig.13 - 42: CFD modelling of Coating B flow in the coating trough at different rotational

Fig.13 - 43: CFD modelling of 3.5 wt. % of Pigmented PVVC coating flow in the coating
trough at different rotational SPEEAS ..........cceviiiiiiiiireee e 268

XXV



TABLE OF TABLES

Table 1 - 1: Pre - coated steel and primer type USEd..........ccocvereiieivereseece e 4
Table 3 - 1: Summary of thermal degradation Stages ..........c.ccevveeveriieivere s 79
Table 3 - 2: Summary of thermal properties from TGA- DTG CUIVeS.........cc.cccovevennene 79
Table 3 - 3: Density and Surface tension measurement for Coating B and Coating S... 80
Table 5 - 1: A summary of extensional rheological properties of Silicone oil............. 125
Table 6 - 1: Summary of TGA reSUIS ........covv i 131
Table 6 - 2: Thermal properties obtained from (TGA- DTG) results...........cccceevenenee. 131
Table 7 - 1: Pigment additions to the basic PVC clear base coating .............c.ccccvvenien. 146
Table 7 - 2: Parameters for elastic modulus as a function of frequency.............ccc...... 153
Table 13 - 1: Flow properties of Coating B and Coating S ..........ccccevvvievvevecicieenen, 248
Table 13 - 2:Dynamic flow properties of Coating B .........ccccceevevieiiiiic i, 251
Table 13 - 3: Flow properties of Coating S .......ccovevveieiieiiee e 253
Table 13 - 4: Surface tension and density of pigmented model fluids ............cccceeeee. 260
Table 13 - 5: surface tension and density solvated model PVC coatings..................... 260

XXVi



NOMENCLATURE

WORD ABBREVIATION UNITS
Anomalous layer thickness O pHm
Young’s modulus Es Pa
Average roll radius R m
Radius of Roll 1 (Rigid or deformable Ri1 m
roll)

Radius of Rigid Roll 2 R m
Roll speed ratio S -
Capillary number Ca -
Velocity of Roll 1 U1 m/s
Velocity of Roll 2 U2 m/s
Sliding speeds \/ m/min
Separation velocity V. m/s
Infinitesimal small strain rate d¢ 1/s
Strain rate £ 1/s
Infinitesimal small time at S
Contact angle 0 degrees (°)
Phase angle 0 degrees (°)
Young’s modulus of roll 1 E; Pa
Young’s modulus of roll 2 E, Pa
Local pressure P Pa
Film split ratio Hratio -
Coating film thickness on the substrate. H,ep pm
Coating film thickness on the applicator Hgpp pm

roll

XXVii



Coating film thickness on the pick -up
roll

Minimum gap

Shear viscosity.

Reynolds number.

Characteristic time

Viscous time scale

Shear rate

Extensional strain rate

Strain

Surface tension of the dissolved solids
Surface tension of solvent

Surface tension of a material

Work of adhesion

surface interface of liquid and solid
surface interface of liquid and vapour
surface interface of the solid and vapour
Density

Acceleration due to gravity

Process Flow Diagram
Computational Fluid Dynamics
Finite strip model

Large Amplitude Oscillatory shear
Small Amplitude Oscillatory shear
Viscous Modulus

Elastic Modulus

Frequency

Hpick—up

2Ho
s

Re

&

Osolids

Osolvent

o
WA
VsL
Yivl

YS v

PFD
CFD
FSM

LAOS
SAQOS
G
G’

pm

um

Pas

1/s

N/m
N/m
N/m
J/m?
N/m
N/m
N/m
Kg/m?

m/s?

Pa
Pa
Hz

XXviii



Strain

Experimental time

Shear stress

Shear strain

Prefactor constant

Low frequency elastic modulus
Low-frequency viscous modulus
Low-frequency complex viscosity
Power law index for loss modulus
Power law index for elastic modulus
Power law index for complex viscosity
Complex viscosity

Power law flow index dynamic viscosity
Consistency

Apparent wall slip/stick

Slip coefficient

Fluidity coefficient

Slip length

Gap separation

Bulk shear rate

Slip layer shear rate

Measured shear rate

Apparent shear rate

Shear modulus

Slip velocity

Gradient

Function output

Function input
N-Methyl-2-Pyrrolidone

Butyl Carbdol Acetate

Yo

NMP
BDA

Pas

Pas"

1m
um
1/s
1/s
1/s
1/s
Pa

m/s

XXiX



Registration, Evaluation, Authorisation
and Restriction of Chemicals
Kerosene

Polyisobutylene
Shear viscosity power exponent

Average roll speed law exponent

Flow rate through the nip gap per unit
length is the

Semi-gap width

Dimensionless flow rate

Load power exponent

Rubber roll hardness power exponent
Roll radius power exponent
Apparent extensional viscosity
Paint misses defect

Uniaxial extensional viscosity
Bi-uniaxial extensional viscosity
Planar extensional viscosity
Strain

Initial length

Final length

Initial filament radius

Mid filament radius

Mid diameter

Microns

Volatile organic components

Bond number

REACH

KJ
PIB

Uapp
PMD
Ug
Happ

UEgB

Lo

L+

lo
lmid

Dpnia(t)
um
VOC

Bo

m3/s

um

Pas

Pas
Pas

Pas

mm
mm
mm
mm

mm

XXX



CHAPTER ONE

INTRODUCTION

1.1 COIL COATING PROCESS AT TATA STEEL COLORS

This section of the thesis explains the steps involved in the coil coating process where
multiple roll coaters are employed in the deposition of organic coatings on pre-treated
steel substrates. Most of the information regarding Tata Steel Colors and the coil coating
process was acquired from on-site plant tours at Tata steel Colors in Shotton and Walsall,

and, correspondence with on-site staff.

Coil coating is a process of choice employed by Tata Steel Colors for manufacturing pre-
coated steels for application in commercial construction (cladding systems), domestic
appliances, bakeware and cookware, to mention but a few. The process is continuous and
highly automated where a steel strip is roller coated with a layer of coating to obtain a
uniform thickness of decorative, protective and functional coatings at medium and high
operating speeds. Tata Steel Colors, formerly known as Corus, currently operates at line
speeds of up to 120 meters per minute. The coil coating process, schematically described

in fig. 1 — 1, goes through a range of operational units.

Fig. 1 - 1: Schematic of a coil coating process line employed by Tata Steel Colors at
Shotton.




The entry strip employed in the manufacturing of architectural steels is pre-coated with a
layer of a metallic coating through a hot-dip galvanised process (HDP), which enhances
corrosion protective properties of the substrate by providing sacrificial corrosion
protection from Zinc and, self - healing properties from aluminium oxide layer [1]. The
type of hot-dip galvanised steel is dictated by the number of metal constituents and the
alloys in the metallic coating that is deposited during the HDP unit. Below are the types

of hot-dip galvanised steel substrates employed in the coil coating process: -

(1) A hot Dip Galv is a mixture of 99.8% zinc and 0.2% Aluminium mix.

(2) A Galvalloy ™ or Galfan is a mixture of the other mix of 95.5% Zinc and 4.5%
Aluminium [2].

(3) Galvalume or Zincalume is a mixture of 55% aluminium and 43.4% Zinc and
1.6% silicon [3].

Usually, hot Dip Galv is employed in the manufacture of pre-coated metals for cladding
systems. The coil coating journey starts from the entry of a metallic coated steel at the
pay - off reels where the substrate is fed to the downstream end of the process. The pay —
off reels enable the unwinding of strip coils to the mechanical stitching unit.

Mechanical stitching or welding process unit follows the pay - off reel unit where the strip
coil is joined to predecessors. This process can either be automated or manually operated

and effectively monitored by operators.

The pre-cleaning process follows on from the mechanical stitching or welding unit to
allow thorough cleaning and etching of the steel substrate. The pre-cleaning process is in
two parts: chemical cleaning and hot water rinse. The chemical cleaning section is an
alkaline cleaning process which employs sodium hydroxide (NaOH) or/ and potassium
hydroxide (KOH) solution with a PH of 4 — 6 and dosed with a surfactant to enable
thorough cleaning of the strip. The alkaline cleaning solution is kept below its cloud and

oil saturation point, to allow optimal removal of detritus materials off of the strip surface.

Besides strip surface cleaning, the alkaline solution etches the surface to optimise the
adhesion of the pre-treatment layer also known as the conversion coat, onto the strip
surface at the downstream end of the process. Hot water rinse follows the chemical
cleaning section to allow complete removal of the alkaline solution from the strip surface
because the alkaline carry-over from the cleaning section neutralises the acidic

conversion coating at the downstream end. It is therefore vital that a hot water rinse is
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conducted to avoid the neutralisation process. Both the chemical and hot water rinse
sections are operated within a temperature range of 50 — 100°C for optimal results.

The accumulator follows on from the pre-cleaning section with the main aim of awarding
mechanical stitching and the welding process unit enough time to attach the new substrate
to its predecessor, without interrupting the continuity of the whole coil coating process.

Therefore, the accumulator acts as the temporary storage section for the substrate.

Often substrates enter the coil coating process with variations in surface flatness due to
pre-processes they have been subjected to; and therefore, if not corrected surface flatness-
related defects such as “missed on edges” and “feathering” are manifested. Therefore, the
tension leveller, positioned immediately after the accumulator to apply tension to the
substrate and as a result variation in surface flatness are eradicated.

The deposition of the conversion coating follows the tension leveller via multi-roll
coaters, though other methods such as dip coating were previously used. Based on the
information obtained from the operators on the coating line, the nip gap between the
applicator and pick-up roll, as opposed to line speeds, dictates the quantity of material
deposited on to the substrate. The deposited layer in a liquid state is transformed into a

solid-state via oven drying at temperatures of ~ 100 °C.

The conversion coat with a sub-micron thickness aids good adhesion of the primer coating
onto the substrate. Previously a pre-treatment coating was a chrome VI containing
conversion coating until the sunset date of 21/08/2017 imposed by Registration,
Evaluation, Authorisation and Restriction of Chemicals (REACH) - a European Union
regulation [4]. Currently, a chrome-free coating layer, either silicon or titanium-based

pre-treatment is employed as a substitute to chrome VI containing a conversion coat.

The primer coater follows on from the pre-treatment coater where a layer of primer
coating is deposited onto the pre-treated substrate. The primer coater is either operated in
a reverse or forward roll coating configuration and, on both sides of the strip. It is worth
noting that line speeds, nip gap settings, applicator and pick up roll speed ratio and paint
viscosity play a crucial part in the quality and quantity of coating deposited on the surface.
Primer coating, which is either acrylic or polyurethane resin-based coatings, has various
functions. The layer provides good adhesion of the finish (top) coat on the pre-treated
surface. Also, the layer provides anti-corrosive properties to the manufactured pre-coated

steel due to the presence of corrosion inhibitors that are incorporated in the paint
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formulation. The deposited layer in a liquid state is cured in the primer oven at the peak
metal temperatures (PMT) of ~ 210 °C to obtain the optimal crosslinking density without
burning the cured coating layer. However, line speeds dictate the level of cure of primer
coating on the steel substrate because they dictate the residence of the coated strip in the
primer oven. The thickness of a dry film of a primer coating layer range between 7 - 25
pum. Upon successful deposition and curing of the primer coating, the substrate is
quenched in a water bath to reduce substrate temperatures, from the oven temperature to
room temperature, followed by the removal of remnant water off the strip using squeegee

rolls.

The application of the top coating layer onto the primer coated substrate follows on from
the previous process unit. The top coating layer provides an extra corrosion barrier and,
awards the steel panels the required aesthetic features. The process takes place in the main
coater where a thicker layer of organic coating is applied using multi-roll coaters. The
parameters that affect product quality during primer coating deposition also apply in the
deposition of a top coating layer. The product end-use often dictates the type and size of
topcoat and primer employed. For example, polyester resin-based coatings are often used
for domestic appliances, whereas Poly (Vinyl Diflouride) based coatings (PVDF) and
Poly (vinyl Chloride) based coatings (PVC) are usually employed for architectural steels
[5] [6]. Table 1 - 1 summarises some of the pre-coated steels manufactured at Tata Steel

Colors; each product has a delegated primer and topcoat type and layer thickness ranges

employed.
Table 1 - 1: Pre - coated steel and primer type used
Pre-coated steel Nominal topcoat Nominal primer Product
product thickness thickness application
PE 15 15um polyester resin- No primer Internal
based coating products
PE 25 15-18um polyester resin | 7—10um polyester = Cheap exterior
based coating primer product
Prisma 25um Polyurethane 25um Polyurethane Branded
resin primer products
based coating
HPS200 200um PVC plastisol 7—10pum Acrylic Branded
resin based top coating primer products



The deposited wet layer of the top coating is cured in the main oven at a precise PMT;
every coating has a specific PMT recommended by the paint formulators. Similarly, the
primer oven, the degree of cure and quality of the top coating layer is dictated by the strip
residence time in the main oven. It is worth noting that the Lower Exposure Limit (LEL)
monitor is loaded in both the primer and main ovens. The LEL monitor measures the
amount of volatile gases or solvents in the gas purge stream measured in percentage (%),
and, the national limit of volatiles set into the atmosphere is 40%. Above 40% of the
volatiles in the gas purge stream, the coil coating line is programmed to cease operation

and strip will lift.

The auxiliary process units after the main oven include water quenching of the strip which
is vital for reducing the strip temperature after passing through the main oven and, the

squeegee roll which is vital for absorbing the remnant water on the strip.

The final process unit is the accumulator which is the storage unit responsible for allowing
enough time for the strip to coil around the spool after being corrected for surface flatness
and other defects. The final coated steel strip consists of various coating layers, as
illustrated in fig. 1 — 2, with each layer adding functionality to the final product
performance and appearance.

Backing coat

Conversion coat

Final colour coat

Zinc coat 4 / // / Primer coat
/

Substrate’ */ Conversion coat

Zinc coat

Fig. 1 - 2: Pre-coated galvanised steel manufactured at Tata Steel Colors.

The popularity of the coil coating process as a method of choice for manufacturing pre-
coated steels for architectural and electrical goods, transcended in the 1950s with its



history traced back in the USA in the 1940s. However, it was only in the nearby history
(the 1960s) that coil coating lines were made available in Britain and Europe at large.
Currently, in Tata Steel Colors, there are two coil coating lines in Shotton (North Wales),
and one coating line in Walsall -— presently sold to the William king group; two coating
lines in Ijmuiden (Netherlands), two coil coating lines in Myriad (France), and finally one
coil coating line in Turkey.

There have been tremendous technological advancements over the years that have led to
improvements in process efficiency. This is evident in the production rates encountered
in the current coil coating lines. For example, the line speeds at Tata Steel Colors in
Shotton are operated at nominal speeds of 120 meters per minute (m/min), yielding 50
tonnes of coated steel in just an hour. In comparison to the 1940s coating lines, 1 tonne

of pre-coated steel would be produced per hour.

Coil coating process mainly employs organic-solvent based coatings than water-based
coatings because the former has better properties such as flowability at a wide range of
line speeds during application. However, water-based coatings are more desired due to
the reduced amount of volatile organic compounds (VOCs) emitted. VOCs are known to
be harmful to human health. Therefore, VOC control units such as incinerators (oxidisers)
are incorporated in the curing/ drying process to remove harmful substances through
complete combustion of laden air to carbon dioxide and water. It is noteworthy that if
water-based coatings are employed, the curing technique would be infrared ovens rather

than incinerators [7].

Coil coating is an attractive technology over unit coating processes such as spray, curtain,
amongst others for various reasons. One of the main reasons being the environmental
benefits the technology offers. The deposition of solvent-based coatings on the substrate
in a well-controlled environment reduces the amount of VOCs released to the

environment, as required by the European Directive 2004/42/EC [8].

Furthermore, the economic advantages associated with the continuous coating process
due to uninterrupted process runs reduces the amount of raw material input.

Consequently, a reduction in the operating cost is obtained.

Lastly, the process produces less defective products because a high degree of surface
uniformity and finish with the assured high-quality coating is achieved [9]-[11].



1.1.1 PROJECT AIMS AND OBJECTIVES

An introduction to the coil coating process and the process units involved have been
described in detail in section 1.1. Each unit has the potential to leave surface defects on
the manufactured pre-coated steel. However, the most encountered surface defects are
believed to originate from the roll coating head, schematically described fig. 1 — 3, during
the deposition of primer and top coating on the strip. Therefore, the initial research work
focuses on understanding the rheological impact of the paint supply system on the final

product through the development of temporal models.

Fig. 1 - 3: Schematic of a coating head with a coating trough fed system

Having spoken to the operators following several site tours, operators reported that
surface defects such as PMD and streaks were manifested on pre-coated steels following
a curtain break of the coating on the pickup roll in the coating trough. Therefore, intensive
materials characterisation work on coatings and the impact of rheological properties on
the flowability of the coating in the coating tray was studied via lab simulation and
Computation Fluid Dynamics (CFD) modelling.

Currently, in Tata Steel Colors, Shotton, Quality Control (QC) system of inward PVC
coatings employed in the manufacture of pre-coated steels for architectural steels utilises

a spindle rheometer rotated at a fixed rotational speed to obtain a single value viscosity
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of 0.02 Pas. However, the QC has failed on numerous occasions to pick up subtle
differences between coating batches. Consequently, liquid coatings that have proved to
be less versatile in a high-speed roll coating environment have passed the inward QC test

and later suffer surface defects.
Therefore, the aim and objectives of this project is a three-part: -

(1) Tounderstand the effect of physical properties of liquid coatings, such as rheology
and surface tension, on the final pre-coated steel.

(2) To understand the effect of operating parameters on pre-coated steels.

(3) To understand the interactions between the physical properties of liquid coatings
and the operating parameters, using laboratory rig and computer simulations.

(4) Using the case study of PMD and the information developed in (1) to (3), develop
an effective QC system to be employed at the coating line.



1.2 PROJECT MOTIVATION

Currently, process and material settings for manufacturing pre-coated coated steel for
architectural steels are usually based on operator experience with little fundamental
process understanding, and early rheological testing. This limited knowledge increases
waste generation due to the defective coated products, and time-consuming process set-
up runs that are conducted to achieve the required film build of organic coating on the

substrate.

Considering a “cradle to gate” life cycle analysis of pre-coated steel, waste generation
significantly increases the carbon footprint of the final product due to high fossil-based
energy requirements, air emissions, water effluent and other environmental releases
occurring in the extraction and manufacturing processes of raw materials. Also, the lack
of process knowledge reduces process efficiency, increases operating costs and create

difficulty when new materials and applications must be adopted.

Therefore, it is of high importance to understand a transient, free-surface flow, with
deformable rolling/ sliding contact containing non-Newtonian and part volatile organic

coatings, which is transferred from a liquid to a solid-state under controlled conditions.



1.3  THESIS STRUCTURE

CHAPTER ONE: Aims to provide project summary, industrial background, project aims

and objectives, table of figures and table of tables.

CHAPTER TWO: literature reviews fundamental work conducted by predecessors;
introduces fundamentals of roll coating process; reviews physical properties of liquid
coatings and measuring techniques employed to characterise them; and investigates the

impact of liquid coating physical properties in the manufacture of architectural steels

CHAPTER THREE: assesses the impact of base chemical composition and wetting of
organic coatings on the onset of PMD

CHAPTER FOUR: assesses the impact of shear rheology on the onset of PMD.

CHAPTER FIVE: assesses the impact of extensional rheology of organic coatings on
the onset of PMD

CHAPTER SIX: provides validation of the QC system developed based on the findings
in chapter three to five

CHAPTER SEVEN: investigates the effect of pigment concentration on the rheological
properties of PVC coatings

CHAPTER EIGHT: investigates the effect of solvent concentration on the rheological
properties of PVC coatings

CHAPTER NINE: investigates the interaction of commercial coating properties and

operating parameters in the coating trough during the pickup process

CHAPTER TEN: investigates the interaction of model PVC coating properties and
operating parameters in the coating trough during the pickup process

CHAPTER ELEVEN: provides project discussions

CHAPTER TWELVE: Provides project conclusions, recommendations and future work
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CHAPTER TWO
LITERATURE REVIEW

2.1 INTRODUCTION TO ROLL COATING PROCESS

Coil coating is the deposition of a thin film of liquid onto a continuous flexible substrate
such as steel substrates using two or more gaps between rotating cylindrical rolls. The
deposition technique belongs to a family of coating flows categorized under metered
coating flow, where a boundary is created to reduce the extent of flow during material
deposition onto a substrate [12],[13].

The process begins when a thick film of liquid coating is carried by the pick - up roll,
through the metering nip gap where it is transferred to the applicator roll, and
subsequently deposited onto the substrate via the transfer nip. By description, a metering
nip gap is the gap separation located between the pick - up and applicator rolls, while the
transfer nip gap is the gap separation positioned between the applicator and impression
(pressure) rolls. The fundamental role of a pressure roll, positioned behind the substrate,
is to pull the substrate along through the transfer nip gap to the subsequent process units.

At the exit of the metering nip gap, some of the coatings is retained on the pick - up roll
and returned to the coating trough, whilst the rest is transferred to the applicator roll,
where it is then completely deposited onto the substrate via the transfer nip. This is not
strictly the obeyed at the transfer nip gap exit because the remnant layer of coating on the
applicator roll is dictated by the roll coating configuration, that is to say-- either positive

or negative roll coating regime

Fig. 2 — 1 schematically describes a transfer nip gap when two rotating cylindrical rolls
are moving co-currently. Consider two cylindrical rolls, applicator and impression
(pressure) rolls, with radius R1 and Ry, rotating at velocities U1 and U, respectively. The
region of highest deformation rate is at the entrance to the nip gap; the region of the least
deformation rate is at the “minimum gap” position, and the region of highest extension is

at the exit of the transfer nip gap.
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Fig. 2 - 1: Schematic of a transfer nip gap in positive gap setting

Where Hi and H> is the transferred coating liquid on the pressure (or substrate) and
remnant coating liquid on the applicator roll, respectively. The pressure and applicator
rolls are rotating at surface speeds of U1 and U, respectively.

When dealing with deformable roll coating process, the elastohydrodynamic effect is
experienced. Due to the elastohydrodynamic action encountered within the nip gap,
several pressure profiles in the transfer nip gap are obtained at each pressure roll
revolution, especially pressure along the nip length. A review of elastohydrodynamic
action is included on a further read of the thesis. Fig. 2 - 2 shows a typical pressure

distribution curve in the transfer nip gap, for formulated coating colours with kaolin clay.

o — 500 midmin
— — — 200 mimin
200 | 4 \ ———— 1100 m/min |7
150
— [
o
=
m [
= 100
(Tr ]
i
&
L 5
o
Ty [ L 1 1 1

Fositicn (mm)

Fig. 2 - 2: Pressure variation along the nip gap adapted from [14]
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Pressure variation in the nip gap are essential as they impact the stability of the coating
film separation at the end of the nip gap and, the quantity of the coating transferred to
subsequent nip gap or substrate. Extensive research work conducted by Ascanio, Carreau
and Tanguy [14] on high-speed roll coating with complex rheology fluids highlighted that
the maximum peak heights were observed for high solid content coatings at high roll
coating speeds. High solids content in a coating liquid is usually correlated to high
extensional viscosity and viscoelasticity which subsequently contributes to the high-

pressure exhibition in the nip gap especially at the middle point of the nip length.

Roll coating process possesses numerous advantages over other deposition techniques,
and these include the possibility of coating a substrate with thin films using highly viscous
fluids; less complex in operation; extremely versatile; inexpensive to build, install and
maintain. However, the coating technique is limited to the uniform or cylindrical surfaces.
Additionally, the coating is deposited onto the substrate has to contain relatively slow
evaporating solvents as this prevents viscosity build-up on the rolls[15].

Roll coating configurations affect the quality appearance of the final product, and
therefore carefully chosen for different products and coating properties. The two most
commonly employed roll coating configurations are forward roll coating (direct roll
coating) which operates in the forward/ contra-rotating mode; and reverse roll coating

(indirect roll coating) which operates in a reverse mode/ co-rotating [7]-[19].

2.1.1. FORWARD ROLL COATING CONFIGURATION

Forward roll coating configuration operates in a forward mode in either a negative or
positive gap setting, often employing deformable rubber sleeved rolls. The coating liquid
flows between the two cylindrical roll surfaces where the liquid splits at the downstream
meniscus to form two coating layers; one of which is completely deposited onto the
moving substrate and the other is retained on the applicator roll and returned to the coating
trough [19]. A continuous substrate passes in the transfer nip between the applicator and
impression roll, which are rotated in a contra-rotating manner whilst pulling the substrate
between them. The pick - up roll, which is partially immersed in a trough filled with a
liquid coating continuously supplies the coating to the applicator roll and finally to the
substrate. Under a rigid roll coating process, the applicator and pressure rolls are made of

steel metals. However, deformable roll coating employs a hard-polyurethane elastomer
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or Ethylene Propylene Diene Monomer Rubber (EPDM) on the applicator roll.

The deformable roll serves many purposes, among them include: to reduce sensitivity to
mechanical tolerances such as roll run out and surface finish; prevents damage that could
arise due to roll clash and risk of wear; achieve thinner films at higher production speeds;
and avoids the onset of defects such as ribbing.

During modelling, forward roll coating configuration is characterised by the consistent
rolling directions which have previously been discussed. Therefore, the velocity of the
fluid within the system, especially within the nip gap, remains a consistent parameter. As
such, its displacement can be considered from a one - dimensional viewpoint, meaning
that the coordinates of displacement conditions focused on movement in one space

coordinate (x-direction) with respect to the cartesian coordinates.
2.1.1.1.CLASSICAL AND MENISCUS FLOW REGIME

Coating film thickness transferred onto the substrate is controlled by various factors,
including; coating properties, operating parameters, nip gap openings and roll coating

configurations.

Furthermore, the quantity of coating fed into the nip gap majorly affects the transferred
coating film thickness; therefore, the coating process is either operated in a classical (fully
flooded) or a meniscus (starved or ultra - starved) regime under positive gap
configurations. Fig. 2 - 3 shows the difference between classical (a) and meniscus (b)

flow regime.

«Hi
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—
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(a) Classical flow regime (b) Meniscus flow regime

Fig. 2 - 3: Schematic of a classical flow regime (a) and meniscus (b)
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(&) The classical or fully flooded regime

A fully flooded flow regime is where a surplus of coating is fed into the nip gap. The
applicator roll (bottom roll) delivers a liquid layer in the nip gap with a thickness, H;,
greater than the minimum gap, 2H,, (H; > 2H,) [20], which consequently split into H;
and Ho at the nip exit. The pressure roll (top roll) would then pull the coated strip along
in the nip channel.

In a fully flooded regime, the roll surfaces form a converging channel at the nip region
and as a result, variations in pressure within the nip gap are experienced. Variations in
pressure are often attributed to the changing shape of the nip gap space. At the upstream
end of the nip gap where the channel converges, the pressure increases drastically. At the
downstream end of the nip gap where the channel diverges, the pressure drops below
ambient such that the flow of the liquid between the roll surfaces is effectively one-
dimensional. When modelling such a flow, the Reynolds equation can be employed to
model the flow thereby determining pressure distribution. Although the model is
constructed based on the assumption that the flow is one dimension, the reality is that the
flow is multi-dimensional near the meniscus, and computational methods are thus
required for a full analysis of the flow [21]. The dimensionless flowrate through the nip
gap is therefore described mathematically using Eqgn. (2 - 1) which is applies in a fully
flooded feed condition. Various studies have shown that the dimensionless flow rate
through the nip is roughly 1.34[22] [21]. Eqgn. (2 — 2) describes an average velocity of roll

speeds.
__Q (2-1)
A_ZHOU
Ul + |U 2.-2
U:(|1|2|2|) (2-2)

Where Q is the flow rate through the nip gap per unit length (m?/s), H,, is the semi-gap

width (um), A is the dimensionless flow rate, U is the average roll speeds (m/s).

Film split ratio between pressure and applicator roll during the flooded regime is
calculated using Eqgn. (2 - 3) and, thus employed to determine the film thickness deposited
on the substrate, assuming gravity has a negligible effect on the process [22], [23].
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y_Hi_S(5+3) (2.-3)
ratio — H2 - (1 +S)

Where H,4;;, 1S the film split ratio, H, is the film thickness on the substrate/pressure roll,
H, is the film thickness on the applicator roll, H; is the inlet film thickness, S is the speed
ratio mathematically expressed in Eqn. (2 - 4)

U -
S:(U—:) (2.-4)

(b) Meniscus or starved/ ultra-starved regime

When operating in a meniscus flow regime, a deficit of coating is fed into the nip gap,
that is to say, H; < 2H,. Consequently, the downstream meniscus which is located close
to the mid - nip, gives rise to a compact fluid domain referred to as the coating or fluid
‘bead’. This feature contributes to the generation of a sub-ambient pressure field, with a
profile that increases from the upstream to the downstream end. Unlike the flooded
regime, the starved regime is a two-dimensional flow. The dimensionless flowrate of the

meniscus flow regime is calculated using in Eqn. (2 - 5) below [22];

H; (2.-5)

Gaskell et al [24] modelled the starved operating regime and states that both the
dimensionless flowrate and the hydrodynamic pressure were found to be small. Such flow
behaviour is attributed to the small modified capillary number - Eqgn. (2 - 6). Note R is
determined from Eqn. (2 — 7). In comparison to the classical regime, the upstream
meniscus is located at the far end of the nip and therefore has a negligible effect on the

pressure field.

R 1 ]
Ca(—)7 < 0.15 (2.-6)
Hy

R= 2(R,”! +R, 1) (2-7)

The film split ratio between the moving substrate and the applicator roll in a meniscus
flow regime is calculated using Egn. (2 - 8) and thus utilised to determine the film
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thickness on the final product, assuming gravity has a negligible effect on the process
[24].

— Hi _ §2/3 (2.--8)
2

H. . =
ratio H

Gaskell et al.[22] expressed that in practice these two coating regimes are very different;
the classical regime produces coating layer thicknesses of the order of the gap size,
whereas the meniscus flow regime produces extremely thin coating layers of the order of
a few tens of meters per minute thus concluding that the meniscus flow regime produces

superior products than its counterpart.

2.1.2. REVERSE ROLL COATING CONFIGURATION

Reverse roll coating configuration is operated in a co-rotating mode where the coating
liquid is either nip gap or a coating tray fed. Fig. 2 - 4 schematically illustrates the reverse

roll coating configurations where two rolls are rotating in opposite directions.

Ry

R,
Fig. 2 - 4: Schematic of a reverse roll coating configuration

The technique is mostly employed in manufacturing of products such as magnetic and
adhesive tape, OCS (one coat stucco), coated paper and paper board. A reverse roll
coating configuration provides the advantage of achieving uniform thin film thickness
(less than 25um), at speeds ranging from 0.5 - 9 m/s, with liquid viscosity ranging
between 0.002 - 50 Pas [25].
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In reverse roll coating configuration and negative gap configuration, the deposited coating
film is independent of fluid viscosity; however, the thickness of the coating layer is

dependent of the metering/ transfer nip gap size and roll speeds.

In reverse roll coating, the flow is two dimensional, and therefore cannot be assumed to
be one dimension even though this is the case in forwarding roll coating during the
meniscus regime. Within the context of reverse roll coating, the rolling directions of the
top and bottom rolls are opposite. As a direct consequence, the velocity of the fluid is

more complex.

Firstly, because the velocity of the fluid is different at the inlet to the outlet. At the inlet,
the fluid flow is considered only in the x-direction, similarly to the forward roll coating
process. However, the fluid behaviour at the outlet is such that displacement is observed
in complementary X and Y-axis displacement. Thus, highlighting the difference at the

outlet between the reverse roll coating method to forward roll coating system.

Flow problem can thus be solved using a finite element method although some simple
models such as those used in the work conducted by Coyle et al [19] can also be utilised.
Greener and Middleman [26] report that the simple model works well due to a good
agreement between results obtained theoretically and experimentally despite the

simplicity of the simple lubrication model employed.

In roll coating process, thin-film thickness and uniformity of the applied coating layer is
primarily dependant on the size of nip gap between the pick - up and applicator rolls;
however, coating viscosity and roll speeds influence the thickness of coating layer
deposited on the substrate or roll surface [27]. Coyle et al [19] expressed that the coating
layer thickness is a function of Young’s modulus, average roll speed and average roll
radius at small deflection limits such as rigid roll coating process in Eqgn. (2 - 9). Coating

layer thickness at large deflection limits can similarly be derived from Eqn. (2 - 10).
H; = R(u, U)W, (2-9)
Hy, = K, u,*UPWeE? Re. (2-10)

Where H; is the coating layer thickness (um), W is the roll separating force (Pa), Es is

Young’s modulus (Pa) and assumed to be constant, p, is the liquid shear viscosity (Pas),
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U is the average roll speeds (m/min), a is the shear viscosity power exponent, b is the roll
speed power exponent, c is the load power exponent, d is the rubber roll shore hardness
power exponent, e is the roll radius power exponent and R is the average roll radius; Eqn.
(2-10) is only valid for K;, = 1.3, and S <1.

However, various empirical models derived theoretically and experimentally for large
deflection limits showed differences in prefactor and power exponent constants. It can
only be speculated that the differences in the power exponent could be attributed to
experimental conditions such as room temperature, rheological properties of the liquid,
mechanical properties and operating parameters such as roll speeds and roll speed ratios,
amongst others. Table 2 — 1 below shows the prefactor and power exponent constants of
the predictive film thickness empirical model, experimentally derived, from the literature

on Newtonian fluids.

Table 2 - 1: Empirical model constants from researched work

Authors and Source Empirical model constants

Ky a b c d e
Coyle et al [19] 1 0.50 -0.50 = -0.17 | 0.33  0.40
(Experimental study)
Coyle and Magnin [28] 0.4 0.6 0.6 -0.3 -0.3 0.7
(Experimental study)
Johnson [29] 0.42 0.55 0.55 039 | -0.16 0.84

(Experimentally)

It was evident that the roll radius (e) and the load power exponent (c) varied greatly across
three sources. However, shear viscosity (a) and roll speed power exponent (b) exhibited
negligible changes across the literature sources possibly due to the Newtonian nature of
the test liquids. Variation in roll radius and the load power exponent could be attributed
to the difference in experimental rig dimensions (roll radius. Etc) and loads between rolls
employed across the three researchers.

Johnson [29] further studied the effect of rheological properties on the derived constants
in the empirical models by altering the concentration of polyisobutylene (PI1B) polymer
in the mixture containing solvent of kerosene (KJ) and polybutene. The results of the
author’s findings are summarised in Table 2 — 2 below, and as originally speculated,

rheological properties have an impact on the empirical model constants.
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Interestingly, the shear viscosity power-law exponent did not vary greatly despite the
changing PIB concentrations of the test liquid. However, the prefactor (Kj) values
decreased with increasing PIB concentration.

Table 2 - 2: Effect of Polymer concentrations on empirical model constants of Boger

fluids
Test fluids Empirical model constants
Ky a b c d e
Newtonian 0.42 0.55 0.55 -0.39 -0.16 0.84
0.12% PIB 0.6 0.59 0.59 -0.48 -0.11 0.89
0.24% PIB 0.42 0.63 0.63 -0.58 -0.05 0.95
0.36% PIB 0.036 0.62 0.62 -1.05 -0.43 1.43
0.45% PIB 0.065 0.65 0.65 -1.07 -0.42 1.42
0.62% PIB 0.048 0.63 0.63 -1.08 -0.45 1.45

2.1.3. DEFORMABLE ROLL COATING WITH NEGATIVE AND POSITIVE
GAP SETTINGS

Deformable roll coating is a commonly employed technique in the industry. Unlike rigid
roll coating, industrial deformable roll coating configuration usually has a vertical
arrangement of rolls. The lower roll is a rigid cylindrical roll which is partially immersed
in a trough of the coating liquid, and the upper roll is comprised of a core metal covered

in a deformable elastic (rubber) layer whose role is to meter the coating fluid[18].

The deformable layer with both viscoelastic and nonlinear properties is made up of
elastomer/ rubber material [27]. The rubber cover undergoes deformation through a
process called elastohydrodynamic action. Elastohydrodynamic action constitutes the
flow of non- linear (non-Newtonian fluid) and the responsive deformation of rubber
sleeve. The coating liquid at the converging end (upstream end) of the nip experiences
high pressure which is enough to deform the rubber cover. Therefore, the flowrate, nip

gap geometry, velocity and pressure profiles are altered.

Carvallo and Scriven[30] acknowledged the importance of understanding the flow in this
situation to optimize the deformable roll coating process; however, the authors highlight
the elastohydrodynamic action is not fully understood. Coyle [31] modelled and analysed

the elastohydrodynamic action of the flow in forward deformable roll coating using a
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simple one - dimensional elastohydrodynamic model with an assumption that the
deformation of the roll is linear.

Large deflection limit is where the deflection of the roll surface dominates. This implies
that roll coating is operated in large negative gaps settings at high applied load when a
soft deformable roll is employed. The small deflection limit is the simplest of all, as the
roll surface deflection is negligible due to a positive gap setting when a rigid-rigid roll

coating process is employed [31].

The thickness of the deformable layer has a negligible effect on the final thickness of the
coating layer on the substrate, provided that the contact width is smaller than the cover
thickness, as proven by Cohu and Magnin [28]. However, Chong et al [18] and Gostling
[32] state that the thickness of the deformable layer is effective at delaying the onset of
ribbing when operating at higher roll speeds. This feature is attributed to the degree of the
““stiffness’” of rubber roll and thus making the roll more susceptible to larger

deformations.

A plethora of models such as visco-capillary, lubrication approximation, a combination
of springs and dashpots, to mention but a few and experimental work have been employed
to analyse the deformation of the rubber cover during roll coating as this is believed to
promote process optimization. Numerous authors including Chong et al [18] have
attempted to characterise the rubber cover using loss modulus, G’ , elastic modulus, G,
and loss factor, tan (8), where the three components provide information about the energy
distribution between the elastic and viscous energy. Earlier research on deformable roll
coating such as work conducted by Carvalho and Scriven [27] [33] modelled the rubber
deformation with both one-dimensional and plane-strain two-dimensional elastic models
of the roll cover deformation. However, rubber and rubber-like materials used as roll
covers were reported to behave not purely elastically. The authors comment that this
behaviour was simply attributed to the stress history of the rubber cover.

2.1.3.1. NEGATIVE GAP CONFIGURATION

During negative gap configuration, the rigid and the deformable rolls are nipped together
as shown in fig. 2 - 5. In this regime, the centre to centre distance is less than the sum of

the two radii of the rolls. This consequently leads to the intersection of the rolls where the
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rubber cover deforms due to this intersection. Deformable roll coating is mostly applied

in fixed load and negative operating regimes.

undeformed surface

,&\\\ Rigid Roll

NRNNNN

Fig. 2 - 5: Schematic of a forward roll deformable coating process in a negative gap
regime, adapted from[27]

In practice, a reverse deformable roll coating configuration coupled with the negative
regime is not widely employed mainly due to rubber layer tear; therefore, this
configuration is not attractive on large scale operations as maintenance costs and system

inefficiency are incurred.

Gosling et al [34] analysed the flow in negative gap setting using a finite strip model
(FSM) and concluded that the layer properties (layer thickness and elasticity) of the
rubber cover had similar effects on pressure profile and flowrate. However, the layer
properties exhibited different effects on the position of the meniscus and layer swelling.
Additionally, the layer properties showed a negligible effect on the elastic deformation of

the flow within the contact region.

2.1.3.2. POSITIVE GAP CONFIGURATION

When a centre to centre distance exceeds the sum of the two roll radii, then the
configuration is a positive gap regime, as schematically shown in fig. 2 - 6. Carvalho and
Scriven [27] analysed the onset of ribbing using a deformable roll coating in a positive
gap configuration and their findings show enhanced free - ribbing coating when using
deformable roll coating as opposed to using rigid roll coating, thus enabling uniform film
thickness at a faster-operating speed. There are similarities between deformable and rigid
roll coating process when operating in a positive gap setting. Nonetheless, the subtle
differences between the two cannot be ignored; for example, deformable roll coating
configuration can be operated at higher speeds with delayed onsets of ribbing defect thus
widening the operating window[27][18].
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Fig. 2 - 6: Schematic of forward roll deformable coating in a positive gaps regime,
adapted from [34]

2.2.COATING DEFECTS ENCOUNTERED DURING ROLL COATING
PROCESS.

Section 2.1 of this thesis has reviewed various roll coating flows and the fluid dynamics
associated with the process. However, coating defects affect the appearance of the final
product. Therefore, this section reviews the most commonly encountered coating defects

during the manufacturing of pre-coated steels.

Coating defects are a regular occurrence at the process coating line with millions of
pounds annually lost in external and internal product rejects. Fig. 2 -7 shows the cost of
external and internal product rejects due to surface defects encountered at Tata steel

colors, Walsall.
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Fig. 2 - 7: Cost of defects to Tata steel Colors, Walsall, from January — August 2019
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Unfortunately, elimination of coating defects has not advanced at the same rate as the
technological developments of the roll coating process. Coating defects have not only
persisted but increased in occurrence. A vast majority of defects can immediately be
detected after application or curing process. Rectification of these defects at this stage of
the process is usually impossible and yet their presence in the final product drastically

increases scrap cost.

Numerous research work on coating defects such as cascading, fat edges, ribbing and
many others, to determine operability window for a free - defect coating, has been
conducted by various authors such as Yang et al [35], Lee et al [36] and Lopez et al [37],
and have concluded that some defects are due to the physical properties of a liquid coating
such as viscosity and, operating parameters such as roll and substrate speed. Therefore, if
the levelling process before curing is insufficient to straighten out the defects, a
compromise on the operating parameters might need to be considered and coating

formulations might require improvement to alter liquid coating properties.

2.2.1. RIBBING

Ribbing defect is manifested as the non - uniform coating layer thickness across the
coated substrate (in the axial direction of the rolls). As a result, a sinusoidal - like the
appearance of the applied coating on the substrate is seen. Fig. 2 — 8 below shows the

physical appearance of the coating defect.

Fig. 2 - 8: Pictorial description of ribbing coating defect

Forward roll coating is particularly susceptible to ribbing due to the diverging flow at the
exit of the nip gap, coupled with high-speed coating lines and, small gap separations and
large roll diameters.
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The defect is known to occur as a consequence of an imbalance between surface tension
forces (stabilising) and the viscosity (de-stabilising) present within the downstream nip
gap where the de-stabilising forces dominate over the stabilising forces [16], [18], [27],
[38]. The destabilising effect of viscosity can be expressed in terms of the Capillary
number (Ca) (see Eqn. (2 - 11)) a dimensionless constant that governs the onset of the
ribbing phenomena.

_ Uns (2-11)
B (0}

Ca

Where U is the average speed (m/s), ug is the shear viscosity (Pa), and o is the coating

surface tension (N/m).

At low values of Capillary number where surface tension dominates the flow, the flow is
uniform and stable at any speed ratios, thus surface tension is a stabilising force. At high
capillary numbers where viscosity dominates the flow, a safe “operability window”
exists: if the ratio of the line (web) speeds to the applicator roll speed, also known as the
limiting wipe ratio during reverse roll coating, is within a specific range, ribbing
phenomena cannot be exhibited. Outside of the wipe ratio range, a non- uniform flow
exhibited as furrows and ridges are manifested. The wipe ratio is approximated at 1.2 and
1.6 for Newtonian and viscoelasticity, respectively [39]

Even though reverse roll coating configuration is not exempt from ribbing; the defect can
easily be eliminated without utilising surface tension stabilising effect by simply
increasing the line speeds and subsequently combating the de-stabilising effect of
viscosity. This is a desirous method of eliminating ribbing in industrial reverse roll
coating operations because the defect can be eradicated even when surface tension has
negligible influence as a stabilising force. However, care must be taken not to drastically
increase the line speed in comparison to the applicator roll speed as this increases the

wipe ratio.

Chong and co-workers [18] experimentally investigated ribbing instabilities in the
forward deformable roll coating both in positive and negative gap settings and, the authors
report the ever so the presence of ribbing instabilities in the negative gap settings.
However, the results exhibited a short wavelength of ribs when the coating speeds and

thinner deformable cover on the applicator roll are used during negative gap settings. The
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authors further reported that in positive gap settings the critical roll speeds at which
ribbing was observed increased with operating at larger gap setting and using a thicker

deformable roll cover.

2.2.2. MISTING

Misting is also one of the defects encountered due flow instabilities and filament splitting.
The defect is manifested at the downstream end of the metering or transfer nip gap, in the
form of liquid droplets are formed at high speeds. Misting has various consequences
which include; health-related concerns to the operators through respiration; causes clean
- up and cost-related issues and poor product quality Various mechanisms that explain

the onset of misting have been reported.

Cavitation has been reported in the literature as one of the mechanisms that best describe
misting formation. Here the pressure in the coating liquid decreases below its vapour
pressure due to the tensile stresses that cause bubble formation and subsequently leading
to bubble formation and mists [40][41][42]. The mechanism is correlated to cobwebbing,
where the coating liquid forms filaments as the cylindrical rolls separate from the moving
substrate. These filaments are known to look like cobwebs hence the name cobwebbing.

Misting effect can also be correlated to coating rheology. However, Fernando et al [43]
report the absence of a correlation between misting, elastic modulus and higher shear
viscosity. Nevertheless, the authors report a strong correlation between misting and
extensional viscosity of coating fluids. The manifestation of misting phenomena
manifests differently in non- Newtonian than Newtonian liquids. This statement is
supported by Owens et al [40]. Ascanio et al [44] comment that Newtonian fluids are
affected by misting when operating at high roll speeds and, using low viscous coating
fluid. Therefore, the high solid content suspension is preferred for a mist free coating.
Misting in Newtonian fluids happens when the septa break and generate the threads in a
cylindrical shape (filaments) while being stretched by the rotating cylinders [40] [42]. In
non-Newtonian fluids, the filament forms beads on the string structure while being
stretched by the rotating cylinders. Operating parameters contribute to the onset of
misting, to a certain degree; therefore when liquid coating properties cannot be improved,
the operating parameters such as operating speed and roll speed ratios have to be reduced;
otherwise, housekeeping practises such adequate shielding and airflow control methods

can be employed as an alternative.
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Eliminating this effect can be done either by reducing the rheological properties or
running the pressure roll 3 — 5% faster than the line speed [45].

2.2.3. COATING DEBRIS

Coating debris (dirt) is one of the most encountered surface defects at the coating line.
The defect is brought about by several factors which are traced back to paint formulation
or housekeeping. In the context of paint formulation, the defect is more pronounced in
solvent-based coatings. During the transformation of wet film coating to dry film coating,
via curing or sintering process, some solvents such as N-Methyl-2-pyrrolidone (NMP)
tend to condensate within the ovens to form char particulates (see fig. 2 - 9 (a)) which
subsequently block the air knives. As a result, the air knives fail to supply enough heat to
raise the required Peak metal temperature (PMT) on the substance to cure wet films. To
tackle the issue of low PMT, the pressure of hot air through the air knives is drastically
elevated which forces the char particulates to get deposited onto the coated substrate. At
the exit of the oven, the cured coating film will exhibit random regions of deposited char

particulates which lead to a coating defect called coating debris, as shown in fig. 2 - 9 (b).

I r By

| (a) Harvested char particulate (b)) Coating debris defect

Fig. 2 - 9: Pictorial description of char particulates (a) and coating debris defect (b).

Therefore, regular oven maintenance and cleaning schedules are essential to solve both
the problem of low PMT and condensate build- up in the air knives. Also, the use of
alternative solvents that are unlikely to condensate such as NMP-free solvent-containing
paints eliminate the coating defect. Alternatively, coating debris could be attributed to
housekeeping where dirty chemical cleaning and rinsing tanks, and squeegee rolls could
promote the deposition of detritus materials onto the bare substrate. Consequently,

regions with deposited detritus materials have lower surface energy and therefore
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deposited liquid coating flows away from these regions. Schoff [46] reviews surface
defects in detail and, in his review, he discusses coating debris as “dirt”. The author states
that detritus materials could also find their way onto the final product via supplied paint
batches from the manufacturers. However, this problem is often eliminated by careful

filtering process of the paint.

2.2.4. SOLVENT BOIL

Solvent boil defect is one of the major defects attributed to volatile solvents. Various
acronyms have been associated with solvent boil, which includes but not limited to
solvent pop, air entrapment, solvent pop, degassing, amongst others. The defect appears
as bubbles on the surface that are randomly distributed across the coated substrate. Fig. 2

— 10 shows the manifestation of solvent boil defect on the final product.

A,

N
f Solvent boil

Fig. 2-10: Picto}ial description o
As a trapped solvent in the form of volatiles attempt to escape, the bubbles form on the
surface of a coated strip. Information obtained from on-site visits at tata steel Shotton and
Walsall suggested that high film build, incorrect solvent blend, a faster rate of flash off
(high line speeds) through the ovens, and high substrate temperature are the main culprits
of the onset of the defect reported. Therefore, to combat the manifestation of solvent boil,
areduction of the rate of cure to prevent skinning and promote solvent evaporation should
be considered. Furthermore, as a recommendation to combat the defect, a mixture of
compatible solvents should be employed, a reduction of film thickness during product
manufacturing, and formulators should employ additives that act as boilinuse chips to
release volatiles [45]. Mabbett et al [2] intensive work on highly absorbing pigments and

near-infrared curing (NIR) of polyester/melamine coatings revealed that metallic and
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black coatings were prone to solvent boil than white polyesters. This was attributed to the
strong NIR absorption of carbon black pigments contained with black coatings and
metallic coatings. The researchers studied alternative pigments with lower NIR
absorption such as paliogen black pigments and, their findings showed that the alternative
pigments were heated rapidly by the visible component of the NIR lamps emission.
Additionally, the alternative pigments were costly as they contributed highly to the
operating cost, and reduced corrosion control properties of the coated panels. It is
noteworthy that even in convection curing, black coatings absorb heat and retain heat
much better than white paints; therefore, promote the rate of cure faster than white

coatings thus solvent boil defect.

2.2.5. FAT EDGES

Fat edges or picture framing is a surface tension gradient driven defect, where non-
uniform surface tension distribution in the coating liquid causes thick edges on the sides
of the coating width. Fat edges do not affect the coating protective purposes (anti-
corrosive properties), however, the aesthetic features of the coated substrate are affected.
The defect is usually observed during drying or curing where the solvent evaporates more
rapidly at the edges than the bulk. Originally, the edges are thinner than the bulk of
coating; however, during a faster rate of evaporation, the solvent is transported to the
edges and the particles follow thereby causing differences in surface tension (see fig. 2 -
11).

Constant evapouration rate

UL L L L LT concoraon s

Wet film <—' edges
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Substrate

In absence of surfactant, G505 > Osotvent
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W

Fig. 2 - 11: Formation of picture framing or fat edge product defect schematically from
image (a) — (c), where a,;i4 1S the surface tension of the dissolved solids and o4 1S
the surface tension of the solvent.
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This mechanism is called the Marangoni effect. The drying process is limited by the
evaporation of solvent from the wet film, where the agitation of the overlying gas or the
heating of the film reduces the evaporation process [47]. This leads to diffusion
interferences followed by surface tension gradients through the depth of the coating. As
a result, particle concentration at the edges increases to form a higher surface tension
region than the bulk and become extremely thick, doubling the nominal layer thickness.
According to Kheshgi [48], the possible means of eliminating this defect is through
controlling the rate of drying and the drying conditions, and also control the diffusivity

of the components by controlling coating formulations.

2.2.6. PAINT MISSES DEFECT (PMD)

PMD, also known as Skips or Bare spots or Holidays, is a major defect encountered in
the coil roll coating industry. As the name suggests, PMD is the appearance of uncoated
areas on the substrate that appear in the form of “dry patches”. Fig. 2 — 12 shows the

appearance of PMD on the final product.

Fig. 2 - 12: Pictorial description of PMD

The manifestation of the defect at roll coil coating process line is usually encountered
with coatings which belong to the same family and believed to possess the same
properties. However, one batch is more versatile than the other at a high-speed production

line which could suggest a difference in paint formulation as the leading cause.

Observations made from plant- site visit support that some cases of dewetting have been
attributed to poor surface cleaning of the substrate that leaves behind grease build up and
dirt on the surface, that lowers the surface energy of the metal surface thus causing
dewetting. Nevertheless, surfactant contribution in paint formulation cannot be ignored
especially when two coatings of the same family and, believed to have the same
formulation show differences in performance. Tricot [49] explains that though surfactants
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aid to promote hydrophilic surfaces which are easier to wet, extremely hydrophilic
surfaces could also be susceptible to hydrophobic substances that contaminate the surface

thus promoting dewetting.

Unlike unfavourable interaction of the liquid film at the solid surface, rheology of a
flowing liquid along the surface can play a part in the dewetting process of the coating
film. Vilmin and Raphael [50] correlated dewetting mechanism to slip phenomena where
entanglement between polymer chains allows for low chain polymers to slip onto the
surface, provided that the surface is smooth with low friction effects. Al-Khayat [51] also
writes that increasing molecular weight of the polymer chains results in increased
entanglement, and subsequently increasing the bulk viscosity and friction forces of the
flow along the surface. However, there exists a space to further understand the type of
slip experienced in liquid flows that experience dewetting and, the relative contribution

of slip to the total flow.

There are two mechanisms or geometries of the dewetting process discussed in the
literature: spinodal and heterogeneous dewetting. Spinodal dewetting has been reported
to manifest in unstable films, where the film instability initiates the formation of capillary
waves with an amplitude that grows exponentially with time[51]. However, spinodal

dewetting can only be observed for ultra-thin films, 10 nm or below.

Heterogeneous nucleation becomes the dominant mechanism of dewetting for thicker
films of micron thickness. Heterogeneous dewetting by receding of the straight edge to
form droplets has been well studied by Perscka et al’s work [52] and, the formation of
hole mechanism has been in-depthly reported in [51][53].

2.3.RHEOLOGY OF COATING LIQUIDS DURING ROLL COATING

Research work on coating flows especially in roll coating process has been predominantly
reported on Newtonian coating fluids. The reason being that at high shear rates non-
Newtonian fluids behave more like Newtonian fluids. Nonetheless, complex coating
liquids can recover their viscosity if the process is transient. Due to the transient nature
of the coating processes and the complex nature of the coating liquids, it is therefore
misleading to simply consider one value viscosity as the one determining factor of coating
flows without considering coating rheology. Rheology, a term coined by Professor

Bingham, is simply the deformation and flow of material. The term was adopted from the
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Greek word “Rhein” which is interpreted as flow. Therefore, rheology is summarised as
a branch of science that describes the response of a material when stress or strain is
imposed [54].

This section of the thesis aims to review the rheology of coatings during the roll coating
process due to the great influence of coating rheological properties on the appearance of

the final product and process performance.

2.3.1. SHEAR RATE DEPENDENT VISCOSITY

Coating liquids during roll coating process are subjected to varying shear flow conditions;
from instantaneous high shear rates of the order of magnitude of 10%s™ for 10 milliseconds
through the nip gap, followed by low shear rates on the roll surface, through to
instantaneous high shear rates characterised flow in the nip gap, and finally to the low
shear rates characterised flow of the levelling process (order of magnitude of 102 s?)
before curing [5], [55]. Therefore, knowledge of coating rheological properties, surface
tension and operating parameters would provide a preliminary step in counteracting the

defects reviewed in section 2.2 of the thesis.

Rheological behaviour of coatings can be classified into two categories: Newtonian and
non-Newtonian fluids. A review by Kazemian and colleagues [56] provides mathematical
models employed in the analysis of different rheological behaviour. Newtonian fluids
reveal a linear relationship between shear stress and shear rate, see Eqn. (2 - 12) [57].
Considering a simplified shear flow of a coating liquid between two plates, a stationary
and moving plate, the coating liquid is expected to flow with a velocity profile as
illustrated in fig. 2 — 13.

y Moving plate

AH PEs

Stationary plate
Fig. 2 - 13: A simple shear flow of a liquid

Therefore, the shear rate function in Egn. (2 — 12) takes shape of the ratio differential

velocity to layer thickness occupied in a gap space between the plates.
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Generalised models such as those reported in Eqn. (2 - 12) to (2 — 13) are limited to flows
that are steady-state in nature; however, the roll coating process is transient and, often
liquid coatings employed during the process exhibit a different value viscosity dependent

on the deformation rate they are subjected to.

T=puy (2-12)
- vy (2 -13)
~ M on

Thus, a power-law non - Newtonian fluid that displays a non - linear relationship between
shear stress and shear rate as shown in Egn. (2 — 14) and (2 — 15), is often employed to
predict coating performance in such as a transient process. The relationship between shear

stress and shear rate is the viscosity function (consistency) during steady flow [58][59].

T= Ky" (2 - 14)

b= Ky @D = O (2-15)
y xy

Where t is the shear stress (Pa), u, is the shear viscosity (Pas), K is the consistency (Pa")
and, n is the flow index which determines the shear thickening (n > 1) and shear thinning
behaviour (n < 1), x and y are cartesian coordinates in the x and y direction, respectively,

v is the velocity component (m/s) and H is the layer thickness of the coating liquid (um).

As mentioned therein, coatings employed in the roll coating process are mostly non —
Newtonian, inferring that they are often shear thickening, shear-thinning, thixotropic and
usually viscoelastic. Therefore, rheological characterisation before roll coating process is
fundamental in describing the interactions between coating liquids properties and
operating parameters. Armelin et al [60] conducted rheological characterisation of five
different coatings: acrylic-based coating for varnish of steel, the alkyd-based coating used
for a primer of steel plates, the chlorinated rubber-based coating used for a primer of steel
plates, epoxy-based coating primer for steel plates and vinyl-based coating primer for

steel plates, using a shear rate controlled rotational rheometer (Couette cell) fitted with a
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Mooney - Ewart coaxial cylinder sensor. All five coating samples showed shear thinning
behaviour. Except for chlorinated rubber coating, all tested coatings exhibited a
thixotropic hysteresis loop, a property which is desired during storage to avoid
sedimentation due to opposed yield stress to pigment settling but a nuisance during
deposition. Armelin and colleagues’ findings are a typical representative of the
rheological behaviour of coatings employed at the coating line. And therefore, a fit for
purpose Quality control test will be able to obtain this information, whilst a single value

viscosity measurement will not provide this information.

Despite the ability of power-law non- Newtonian model to describe coating liquids
rheological behaviour in comparison to the simplified Newtonian model, the power-law
model fails to account for the constant viscosity often observed at very low shear rates.
Therefore, models such as the Carreau and Cross model have been widely employed in
numerous studies to account for this. Eqn. (2 - 16) below shows the Carreau model that
accurately describes both low and high shear rates of the coating liquids, and
consequently shows versatility for coatings liquids employed in transient processes, and
therefore measurements are well fitted over a wide range of shear stress/ shear rate
values[60]. Lopez and Rosen [57] findings support the versatility of the Carreau model

in comparison to the power-law model.

T 2-16
us() = oy + (g _ 11, )(1+ 2292 7, (2-16)

Where u, is the plastic viscosity (Pas), u, is zero shear viscosity (Pas), n is the
rheological flow index, A is the characteristic time — scale at which the viscosity begins
to drop off (S).

2.3.2. GAP SIZE VISCOSITY DEPENDENCE

Flow-through channels such as rotational rheometers, pipes, and nip — gaps between
cylindrical roll - coaters, amongst others, is usually assumed to obey the no-slip boundary
condition. A no-slip boundary condition is a widely accepted concept in rheology,
tribology and fluid mechanics, with strong experimental evidence to support it. Under
rheological characterisation, using a rotational parallel plate, a violation in the no-slip
boundary condition is investigated by running a sweep — either shear rate, shear stress or

dynamic oscillatory sweep at varying gap sizes between parallel plates. A gap size -
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viscosity dependence of a material is an indication of the violation of the no-slip boundary
condition [61][62]. The principle of the no-slip boundary condition is the continuity of
the tangential velocity at the wall as a result of viscous fluids adhering to the solid surface

[63]-[65].

A deviation from the no-slip boundary condition results in three different slip behaviours;
True slip, negative AWS (wall stick) and positive AWS (wall slip).

Fig. 2 - 14 schematically describes the different velocity profiles achieved when the no-

slip condition is violated during fluid flow of a liquid through two plates.
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Fig. 2 - 14: Velocity profiles of flow through gap sizes of plates: Image (a) a simple
shear flow, Image (b) a flow with true slip, Image (C) a flow with positive AWS (C)
and Image (d) a flow with negative AWS.

Image (a) describes a simple shear flow that obeys the no-slip boundary condition. Image
(b) illustrates true slip where there is a discontinuity in the velocity profile at the solid-
liquid interface. Image (C) illustrates positive apparent wall slip where no-slip boundary
conditions are not violated; however, there is an inhomogeneous thin layer of fluid
adjacent to the solid surface, with low viscosity in comparison to the bulk fluid. Image
(d) illustrates negative apparent wall slip; again, a no-slip boundary condition is not

violated; however, there is inhomogeneous stagnation layer of solid particles adjacent to
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the solid surface, with high viscosity in comparison to the bulk fluid. AWS types give an
illusion of a no-slip boundary condition with the inconsistent rheological and physical
behaviour of the test liquids across the gap size. Sochi, T [63] writes that apparent wall

slip rather than true slip is the most viable mechanism for wall slip.

Durairaj et al [62] and Barnes [66] argue that wall slip is attributed to particle depletion
from the solid surface and fluid interface into the bulk, and subsequently creating a
lubricant layer (with lower viscosity) which prohibits adhesion of bulk fluid to the moving
surface. Nevertheless, the authors state that despite the disadvantages associated with slip,
the mechanism can prove essential in some processes that may not require adhesion such

as pipe flow.

Slip length (Ls) by definition is the distance from the wall where the velocity profile is
extrapolated from the bulk velocity[62][67][68]. Positive slip length estimates the
distance from the plate (datum point) where the velocity profile of the flow, extrapolated
from the bulk velocity, achieves the velocity equivalent to that of the plate into the wall,
whilst negative slip length estimates the distance from the plate where the velocity profile
of the flow, extrapolated from the bulk velocity, achieves the velocity equivalent to that
of the plate in the fluid. True slip and positive apparent wall slip show a positive slip

length while negative apparent wall slip exhibits negative slip length.

Numerous researchers have investigated slip presence by either gap - size viscosity
dependence or geometry - size viscosity dependence. Both methods are known as
Mooney analysis methods [7]. The Mooney analysis is a data analysis method developed
by Mooney in 1931 [69][70][71] to determine slip velocities and subsequent slip
properties subject to wall slip. The Mooney analysis method relies on varying the surface
to volume ratio of dies/ plates and thus obtaining the resultant data pertaining to slip

velocities as a function of shear stress or pressure.

For geometry size (diameter) - viscosity dependence method to be valid when using
rotational rheometry, the ratio of the diameter to gap size (L/D) should be constant and
thus maintaining the same stress. For both Newtonian fluids in Eqn. (2 — 17) and Non-
Newtonian fluids in Egn. (2 - 18) is often employed to determine wall slip behaviour.
Apparent slip shear rate (total shear rate) is a contribution of slip velocity and rim (true)
shear rate [61], [64], [72].
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4n (k+ 3) 4VS+ 4n (2-18)
3n+1 'R @ 3n+1'V

Yab =

Alternatively, slip analysis is conducted using gap - size viscosity dependence (the
distance of rotating geometry from the stationary plate) and observing the change in
viscosity as a function of gap size. Davies and Stokes [73] employed the latter method,

following Egn. (2 - 19) and Eqn. ( 2 - 20) on shear-thinning materials.

) ) 26 268, 2-19
Yab = Ybuik(1 — 75) + FSYW ( )
Also
Vs = ZSS(YW - Ybulk) (2 - 20)

Where Vj is the slip velocity(m/s), Ypuik IS the bulk shear rate, y,; is the measured shear
rate (1/s), H is the gap size (um), v,, is the shear rate at the wall (1/s), Ypuk IS the bulk

shear rate (1/s) and & is the anomalous layer thickness (um).

A deviation from the no-slip boundary condition has its consequences during rheological
characterisation, product quality and industrial processes. During rheological
characterisation, slip effects on measured properties of test liquids are often assumed
negligible since the mathematical equations in the background software fail to consider
slip effects to the total flow. Nevertheless, Rides. M [74] argues that issues related to
particle size relative to gap size must be put into consideration during rheological
characterisations of test liquids. Davies and Stokes [73] state that rheological
characterisation of structured fluids or Semi-solids is cumbersome due to particle

confinement which further introduces discrepancies to the rheological studies.

Various researchers have reported methods of correcting for slip in experimental work.
Amongst them include the Bagley correction often used during capillary rheometry.
Ansari et al [75]reported a deviation from the Cox-Mertz rule of m-HDPEs of wide-range
molecular weight distribution using a capillary rheometer. For the Cox-Mertz rule to be

obeyed, the complex viscosity from the oscillatory rheometry and the shear viscosity flow
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curve must be equal. The authors ascribed this occurrence to significant wall slip
behaviour when the Mooney analysis method was used during oscillatory frequency
sweeps in the LVE region revealed flow curve shifts at different die diameters. The author
used the Bagley method to correct for any slip contributions to the total flow. A detailed
review of the Bagley method for the correction of slip effects in pressure rheometers is
well-reviewed by Puyvelde and Magnus [69]. The use of the Bagley correction factor can
be time-consuming as each flow curve requires determination of the Bagley correction
and, and the usage of at least three capillary dies of the same diameters but varying length

to diameter ratios.

With regards to industrial processes such as Polymer extrusion in insulated cable
manufacturing, is of pinnacle importance, the presence of slip, especially stick-slip, leads
to rough surface finishes in the polymer extrusion process. Fig. 2 — 15 shows the product
quality of polyethene extrudate in the presence and absence of slip. In the absence of slip,
the extrudate product quality is smooth, and the opposite is true for the extrudate in the

presence of slip.

(a) -In the absence of slip (@) In the presence of slip
Fig. 2 - 15: shows images of Polyethylene extrudate: (a)absence of slip tendencies (no-
slip boundary extrusion of polyethene) and (b) Product quality in the presence of stick-
slip, obtained from [76].

The direct impact of slip phenomena in the food industry is observed in quality control
tests measurement methods. Cullen and co-workers [77] briefly addressed the concerns
when dealing with conventional rheometers as they are prone to fouling which

subsequently leads to measurement errors.

A plethora of research work on slip phenomena and its impact in rheological
characterisation, polymer and food extrusion process, and paper industry is well

understood and studied by various researchers. However, a limited study of slip

38



phenomena in the roll coating process is still not well known, though several surface
defects encountered during the roll coating process, such as PMD and paint starvation is
postulated to be an outcome of slip effects. While coil roll coating process is different
from polymer and food extrusion process, similarities in the mechanism of slip
manifestation could be identified and thus employed in the study of slip in roll coating

process.

2.3.3. TIME DEPENDENCE RHEOLOGICAL PROPERTIES OF COATINGS

Coatings employed in roll coating process have been known to possess a time-dependent
viscosity property. These properties are not only dependant on the change of viscosity
with the shear rate but also the time length over which shear rate is applied. Therefore,
the duration of the test or process will have a tremendous effect on the viscosity.

2.3.3.1.THIXOTROPIC OR RHEOPECTIC PROPERTIES OF COATINGS

Thixotropic behaviour, which is present in some shear-thinning materials, exhibits a
gradual decrease in viscosity when a shear force is applied, and a gradual increase of
viscosity upon cessation of shear force on the test material; whereas rheopectic materials
exhibit an increase in viscosity at increasing external force and a gradual reduction in
viscosity upon cessation of shear external. These properties are influenced by the intrinsic
structure of the coating. However, when the applied shear stress is constant, these time-
dependent materials show a Newtonian plateau, a point at which almost all the internal
bonds have been broken. Ceased stress or shearing action causes the coating to gradually
retain its original structure. Most of the referenced work on time-dependent viscosity
materials in roll coating have been based either on thixotropic or Newtonian fluids. Lopez
and Rosen [57], and Cohu and Magnin [6] reported thixotropic properties in the sample

coatings mostly employed in manufacturing of pre-coated steel industries.

2.3.3.1.1. VISCOELASTICITY

Viscoelasticity influences the performance of the roll coating process in more ways than
one. Amongst them include the appearance of the manufactured pre-coated steel;
pumping requirements of the coating through the coating process; flexibility of the cured
coating during deep drawing processes, amongst others. It is therefore of pinnacle
importance to review viscoelasticity and the models employed to describe the behaviour.
Thus far, there has been limited research on viscoelastic effects on coating flow during

the roll coating process.
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According to Scriven et al [78], high enough viscoelasticity in a liquid, categories it to
polymer extrusion due to the strong tensile properties. However, this would lead to flow
instabilities and non-uniformities in coating flows such as ribbing, cobwebbing and
misting. Contrary to this argument, viscoelasticity promotes good adhesion onto steel
substrates and allows a high quantity of coating pick up from the coating trough when
operating under a classical/ fully flooded regime.

Additionally, viscoelasticity promotes the formation of a coating layer on steel surface by
ceasing coating fluidity once applied onto the steel surface. There are various methods
employed in the determination of viscoelasticity, but two of them are reviewed herein,

namely; creep and stress relaxation test, and Dynamic Oscillatory rheometry.
(@) DYNAMIC LINEAR OSCILLATORY RHEOMETRY

Dynamic oscillatory rheometry is essential for determining the mechanical properties of
the coating, and subsequently, determine their viscoelasticity within the linear
viscoelastic region. The first step in conducting a dynamic oscillatory rheometry is to
obtain a linear viscoelastic region and the critical strain by conducting an amplitude
sweep. An amplitude sweep entails an application of a sinusoidal strain (or stress) at a
constant frequency, and the resultant rheological properties (complex modulus, elastic
and viscous modulus, critical strain and linear viscoelastic region) are obtained [79][47]

With the knowledge of LVR region, a frequency sweep is conducted to determine the
mechanical properties where the frequency is varied whilst applying a constant strain (a

critical strain or any strain value obtained with the linear viscoelastic region).

Complex modulus is a summation of the real and imaginary components of the modulus,
also known as the elastic modulus, and viscous modulus, respectively. Similarly, complex
modulus can be represented as the ratio of stress to strain in the Fourier transform nature
as shown in Egn. (2 -21) below[80].

(2 -21)

Frequency sweep relies on applying an oscillatory strain, mathematically represented in
Eqgn. (2 - 22) and the resultant oscillatory stress is determined, see Eqgn. (2 - 23).
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(2 -22)
Y(w,t) = v, sin (ot + 6(w))

o(w,t) = oy cos (wt) (2-23)

Also;
o(w,t) = oy cosB(w) cos (wt) -0, sin (wt)sind(w))

Further mathematical description of complex modulus is composed of two “sinusoidal

curves” and thus mathematically expressed in Eqn. (2 - 24)

oocos (B(w)) . ogpsin (B(w)) (2-24)
+1
Yo(w) Yo(w)

G (w) =

Where G* is the complex modulus (Pa), y, is the amplitude strain (-), g, is the
oscillatory stress; 8is the phase angle (%), is the imaginary unit (i =v—1), G’ is the
elastic modulus (Pa), G is the viscous modulus (Pa) and w is the frequency (Hz). Fig. 2
-16 shows an ideal viscous response with a phase angle of 90° on the right, and an ideal
solid-like response on the left with a phase angle of 0°. For liquid-like response, the
stress and strain curves are always out of phase, whereas the stress and strain curves for

a solid-like response is always in phase. For a viscoelastic response, 90° < 6 > 0° [80].

A 0 =90° A 6 =0°
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Fig. 2 - 16: Strain and stress response of an ideal viscous material (Left) and Ideal
elastic material (Right)
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(b). CREEP COMPLIANCE AND RELAXATION

Creep compliance and stress relaxation is a time-dependent test used to determine the
viscoelastic properties of materials. Creep compliance and relaxation test requires an
application of a known and constant of stress onto the material for a period, followed by
instantaneously ceasing stress application. A strain response throughout the experimental
time is recorded and used to analyse viscoelastic properties.

There are three responses to the imposed shear stress; Perfect elastic (solid-like)
behaviour, perfect viscous (fluid-like) behaviour or a combination of the two properties
(Viscoelastic) — meaning that the material displays both elastic and viscous behaviours

based on the time scale [56].

a. Perfect elastic bodies

A perfect elastic body, represented by a mechanical model as spring, obeys Hooke’s law,
described by Eqn. (2 - 17), where the spring responds instantaneously to the applied force.
Fig. 2 -17 shows a typical strain response of an elastic, where t = 1, t = 2and t = 3

represent rime at point 1, point 2 and point 3 respectively.

At the initial time (t = 0), a force is applied on a material and the material responds
instantaneously to the stress, up to a point of equilibrium. At t = 1, the force is ceased,

and the body shows an instant reduction in strain to a point of recovery from deformation.

},-r - . . . . . Sp[’i]'lg

Time
Fig. 2 - 17: Strain response of a perfect elastic body
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T =Gy (2-25)

Where o is the shear stress (Pa), G is the shear modulus (Pa), J is the creep compliance

(Pa) and y is the shear strain ( - ).

At t =2, stress application is ceased, and the material fully recovers from deformation.
The strain response of a material is directly proportional to the applied stress, and elastic
deformation is found to be reversible — meaning that the material’s energy is not

completely dissipated of as heat but stored in its elastic component and easily recoverable.

b. An ideal viscous behaviour

An ideal viscous body shows a delayed response in strain upon stress application. A
mechanical model used to describe a viscous behaviour is a dashpot, shown in fig. 2 — 18
together with a viscous response. A viscous element response to the applied force is
delayed by viscous resistance in the dashpot. The mechanical characteristics of a dashpot
are described by the power-law Newtonian equation.

T

7 Dashpot

Time

Fig. 2 - 18: Strain response of a perfect viscous body

At time t = 1 there is delayed response to deformation but the material strains after a
period. At t = 2, stress is ceased, and the material does not return to its original shape.

This indicates that the energy stored within a material is dissipated through heat and the
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material is permanently deformed. At t = 3, there is no recovery of the original shape

even after shear stress cessation.
c. A viscoelastic body

A viscoelastic body displays both Viscous and Elastic behaviour, depending on the time
scale. Therefore, a mechanical model used to describe this behaviour consists of both a
spring (springs) and dashpot (dashpots). Depending on the experiment conducted, a

plethora of models can be used to describe the material deformation.

For an experiment where constant applied stress (stress retardation) is applied and then
ceased, a Kelvin-Voight model can be used where both Spring and dashpot are parallel,
whereas an experiment where a constant strain is applied (Stress relaxation) may be
represented using a Maxwell model. The response of many materials to constant stress
(creep) or constant strain (stress relaxation) may differ from the simple Maxwell (single
relaxation time) or Kelvin-Voight element (single retardation time). Therefore, a material
response is determined using a Burgers model (See fig. 2 - 19), which utilizes multiple
elements to describe the response. The strain response with time is feedback in the strain

as a function of time, also known as compliance (J).

Spring and dashpot in parallel

G1 n1i

I(t)

>

Time o

Fig. 2 - 19: Strain response of a viscoelastic fluid
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2.34. SHEAR RHEOMETRIC TECHNIQUES FOR CHARACTERISING
COATING

Rheological properties influence the coating performance at the coating line; therefore,
good rheological characterisation techniques could be the difference between a defect-
free performance from coating runs that suffer from defects. A rheometer is a device that
creates a flow of the test liquid by applying stress and subsequently measuring the
resultant deformation or deformation rate of the material. A rheometric technique is
chosen purely based on the rheological properties that are required to be determined.
Rheological properties such as steady-state shear viscosity, linear viscoelastic properties
(elastic or elastic modulus), thixotropic properties, amongst others provide vital
information on the intrinsic structure of the material and hence the performance of the

coating when employed at the coating line.

Shear rheometry can be either drag or pressure flow driven. In the case of drag flow
rheometry, a test liquid is placed between two solid surfaces. One surface is moved
relative to another, thus creating shearing action in the fluid. The shearing action
generates stress that acts parallel to the direction of the flow. The most commonly
employed drag flow rheometers are Cone and plate, Parallel plate, Couette cells and the
sliding cells [82]. However, parallel plate geometry and the cone and plate geometries are
mostly employed to measure rheological properties of non-Newtonian fluids due to the
small amount of sample required for running the experiment. Additionally, the ability of
the equipment to measure viscoelastic properties of the samples (loss and elastic modulus)
when an oscillatory torque or strain is applied, renders the two geometries vital for
rheological characterisation. Albeit, a cone and plate geometry is the most preferred
geometry over the parallel plate because it provides constant shear rate throughout the

sample thus eliminating inaccuracies in data acquiring.

Pressure flow rheometry is when a fluid understudy is forced through a tube of constant
cross-section and length under lamina flow conditions[83]. The flowrate is measured
whilst keeping pressure drop fixed or measuring pressure drop and keeping the flow rate
of the fluid fixed. The velocity gradient is maximum at the tube wall and zero in the centre
of the flow. For this very reason, pressure-driven flows are non - homogeneous.
Therefore, pressure flow driven rheometers are only used for measuring shear viscosity

flow. The most prominent pressure-flow driven rheometers are capillary and slit
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rheometers. The mathematical working principles of the drag and pressure-flow driven
rheometric techniques have been reviewed by Glass and K. Pruf’homme [84]. Table 2 -3

summaries shear rheometric geometries often employed.
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Geometry

Table 2 - 3: Summary of shear flow rheometric geometries[85].

Advantages

Disadvantages

Concentric cylinder (Couette

or Searle method) rheometer

Cone and plate rheometer

Parallel plate rheometer

Vane rheometer

Capillary rheometer

= Suitable for low viscous fluids (< 1000 Pas)

= Higher shear rates can be applied

= Couette method does not encounter secondary
Taylor vortices that are encountered in the Searle
method

= Shear is nearly uniform throughout the sample

= Possess a truncated tip to avoid friction
interference with torque readings

= Shear rate is independent of the cone radius

= Sample preparation and loading is much
easier with

= Suitable for high viscous fluid materials

= Ability to conduct small amplitude oscillatory
shear tests

= Suitable for materials that are prone to slip
effects and settling

= Suitable for fluid materials with delicate
structures

= Suitable for high shear rate tests
= Suitable for process simulations

Narrow gap settings, ranging between 0.5 to 1, otherwise secondary
flows will arise

Not suitable for high viscous fluids

Operating the equipment using the Searle method is prone to
turbulent conditions when analysing low viscous fluids at high
rotational speeds.

Limited ability to probe non-linear behaviour

Inability to produce accurate data when operating at high shear
rates

Not suitable for fluids with large particles as slip effects might
occur thus produce inaccuracy in the data collected

Inability to probe non-linear behaviour shear rate

Prone to solvent evaporation therefore solvent trap is used
Nonhomogeneous flow therefore not suitable for measuring
complex modulus as a function of both time and shear rate

Not suitable for measuring materials with yield stress values
greater than 10 Pa[65]

Measures only steady shear functions

Yields nonhomogeneous flow therefore not suitable for
measuring complex modulus as a function of both time and
shear rate

Not suitable for time-dependent measurement
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2.4. EXTENSIONAL FLOW OF COATINGS

Even though the shear flow is most commonly encountered in our day to day lives,
extensional flow dominates in an industrial environment. Therefore, this section aims to
review extensional flow and its effect in the coating industry. Extensional viscosity is
defined as the resistance of the fluid to the stretching motion [86], [87]. In the roll coating
process, extensional flow is evident during film splitting between rolls; pick - up roll

departure from the coating trough and film split between applicator roll and substrate.

There are three types of extensional flows, namely; Uniaxial, biaxial and planar
extensional flow [88]. Fig. 2 — 20 schematically describes the three types of extensional
flow; the un-deformed cubical material in fig. 2 — 20 (a) deforms under the three different

extensional flows: Uniaxial (b) , (c) Bi-axial (C) | and Planar uniaxial (d).

Y
Y &
> L

> X
* X
Fi
L
(a) Un-deformed cubic material (b) Deformed cubic material under

uniaxial extensional flow

¥ Vi

h

Fi

(C) Deformed cubic material under biaxial | (d) Deformed cubic material under
extensional flow planar uniaxial extensional flow
Fig. 2 - 20: Types of extensional flow. (a) Uniaxial (b) Bi-axial (c) Planar axial.
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Under uniaxial extensional flow, volume conservation dictates the flow. Using an
example of fig. 2 — 20 (b), a cubical material is reduced in the y and x-direction; while an
extension in the z-direction is also seen. Therefore, uniaxial extensional flow is simply

denoted as elongation of a fluid element in one direction [54], [61], [89].

Biaxial extensional flow exhibits extension in two dimensions, x and y directions, whilst
showing a reduction in the z-direction. In-depth review and study of biaxial extensional

flow has been reported in various manuscripts such as [81] [90][91] [92].

And finally, planar extensional flow, a cubical material is stretched with a resultant
decrease in one dimensional, but the third dimension remains unchanged[84]. For
example, the thickness of a cubical material under planar extension decreases but the

width sustained.

In summary, a planar extension is the stretching of a material with no reduction in width.
In this study, uniaxial extensional flow is studied because it reflects the film splitting

process in the nip gap and material separation from the bulk.

Extensional viscosity of Newtonian fluids obeys trouton ratio, Egn. (2 -26). In the case of
non-Newtonian fluids such as coatings, trouton ratio varies greatly with deformation rate,
process time and total deformation. In many cases yu is four times bigger than u for planar
Eqgn. (2 - 27), and six times bigger for biaxial extensional flow Eqn. (2 -28). Under
industrial conditions, extensional viscosity is of magnitude to 10* when compared to shear
viscosity[93][91].

He = 3ps (2 -26)
Hgp = 6Us (2-27)
Hep = 4iis (2-28)

where ug, Ug, Ugg and ugp are the shea, uniaxial, biaxial, and planar extensional viscosity

(Pas) of the fluid respectively.

Newtonian fluids are often restricted to shear and uniaxial or elongation viscosity;

however, non - Newtonian fluids can potentially be deformed under all three types. High
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values of extensional viscosity in polymer-containing materials are ascribed to the
molecular conformation of the polymer molecules. Polymer chains exert less resistance
to flow during the unravelling stage. Upon unravelling, the chains fully alignment chains
in the direction of the applied stress yield greater resistance to the stretching flow, high

extensional viscosity at high shear stress.

Three types of extensional viscosities can be achieved when a material is subjected to an
external force, namely, Newtonian, tension thinning and tension thickening. Just like
shear flow, Newtonian materials exhibit extensional rate-independent viscosity. Tension
thinning materials exhibit extensional viscosity that decreases with increasing extensional
strain rate. Conversely, tension thinning materials exhibit viscosity that increases with

increasing extensional strain rate.

The flow fields in shear flow are different from those experienced in extensional flow due
to the parallel streamlines under shear flow and converging streamlines under extensional
flow. The effect of extensional flow is transient and can be desired or undesired. In roll
coating process, high extensional viscosity has been reported to significantly contribute
to the coating defects such ribbing [18], [32], [35], [57], fat edges[40], [43], cascading
[16], sagging amongst others. James et al [94] and Fernando et al [43] analysed
measurement of coating liquid using a filament stretching technique and the results
showed a big correlation of misting to extensional flow.

2.4.1. EXTENSIONAL RHEOMETRIC TECHNIQUES FOR
CHARACTERISING COATINGS FLUIDS

Advancements in extensional rheometry have been rather slow compared to shear
rheometric techniques. Thus, it has been accepted that obtaining pure extensional
viscosity of flow under laboratory conditions is cumbersome. For example, under uniaxial
flow, filaments are seldom uniform thus introducing inaccuracy in collected data; stress
along the length of the filament; and gravitational sagging when characterising low
viscous materials due to their low viscous and capillary forces, pre-shearing of liquid
coating before extensional part of the experiment, amongst others, introduces
inaccuracies. Consequently, the measured extensional viscosity under controlled
laboratory conditions is referred to as “transient extensional viscosity” due to the

measurement errors that might be introduced during the testing process[95]. Furthermore,
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short experimental time does not allow a steady-state viscosity to be achieved thus

introducing in errors in the experimental data.

Various extensional rheometers have been employed for the study of extensional
rheometry, and all of them fall into either constant force or constant stain rate extension
rheometers. In this study, three t types of extensional rheometers were reviewed namely,
Filament stretching extensional rheometer (FSR). Falling Mass extensional rheometer,

and Capillary Break extensional rheometer (CaBER).
2.4.1.1 FILAMENT STRETCHING RHEOMETER (FSR)

FSR is a constant rate (controlled strain rate) rheometer and overcomes some of the
drawbacks previously discussed. One of the advantages associated with FSR is that the
equipment operates in a high viscosity range of 1 to 1000 Pas[96]. However, FSR is
limited to relatively high viscosity or elastic fluids which are prone to sagging and bulging

due to gravitational effects [88]

Fig. 2 — 21 shows a schematic of FSR equipment consisting two cylindrical plates with
size diameters ranging from 3 - 5mm, supported by a bracket which is linked to a linear

drive system.

Track Carriage

«~— Force transducer
N =—<—— Plate

camera system

n

Fig. 2 - 21: Schematic of a filament stretching Extensional rheometer (FSR).

An optical measurement system (a high-speed camera or laser micrometer) is utilized to

monitor changes in filament thinning diameter (radius) of the test fluid as a function of
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time. A data acquisition system is required to capture the time-varying output of the
transducer system and synchronizes this with the optical data from the camera. Once the
diameter against time profile and the force against time profiles are known, apparent
extensional viscosity can be calculated

In FSR, the two plates (bottom and top plate) are both separated, and a progressive
filament thinning radius is monitored. And the motor system controls the separation of

plates to produce a constant extensional rate.
2.4.1.2 CAPILLARY BREAK UP RHEOMETER (CaBER)

In CaBER equipment (fig. 2 — 22), the top plate is moved vertically by a known distance
to allow separation and then held stationary. Progressive thinning of the filament radius
is captured by a high-speed camera and then the mid-point diameter is measured from the
captured images. With prior knowledge of surface tension and density apparent

extensional viscosity is determined.

Fig. 2 - 22: Schematic of a Capillary Break Up tensional rheometer (CaBER).

One of the advantages associated with the CaBER equipment is that it is say to operate
and measures large velocity gradients. The downsides of the rheometer include data
interpretation is not straight forward, turbulence effect on obtained results at high flow
rates; extreme strain rates; and flow instabilities in viscoelastic fluids. All the setbacks

introduce errors in the obtained data. According to Nystrom et al [89], a CaBER s the
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only extensional rheometer available on the market as the others are in-house built and
designed for Polymer melts and dilute fluids. A CaBER tool consists of two cylindrical

plates, a high-speed camera, a motor transducer.
2.4.1.3 FALLING MASS EXTENSIONAL RHEOMER

And finally, a falling mass extensional rheometer (fig. 2 — 23) falls under a constant force
technique but strain rate varies. Similar to CaBER and FSR, falling mass consists of a
high-speed camera, separation plates and a data acquisition tool. The working principles
are the same as CaBER except that the bottom plate moves whilst the top late stays

stationary.

o] o] o]

v
v

Fig. 2 - 23: Schematic of a Falling Mass extensional rheometer.

A sample is loaded between plates, and support is quickly retracted by letting the lower
plate fall under the influence of gravity. The change in filament radius is captured by the

high-speed camera[97].
2.42 EXTENSIONAL FLOW PARAMETERS

2.4.2.1 EXTENSIONAL STRAIN

From the reviewed extensional rheometers, the CaBER equipment is of interest in this
study due to its ability to measure very low viscosity values. Therefore, the extensional

parameters discussed therein pertain to the CaBER equipment.
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During experimentation, the upper plate of the CaBER rheometer is moved upwards such
that the inserted test fluid between the cylindrical plates is stretched. The resultant change

in length is exponential and described using eqgn. (2.- 29)

L(t) = Loexp(& (t — to)) (2-29)

The Hencky strain, &g, describes the logarithmic change in the material’s characteristic
length. Hencky strain can be derived through integration of the strain rate Eqn. (2 — 30),
to obtain Eqgn. (2 -31)[98]. Also note: D, = 27, and D,,,;q (£)= 27114 ()

= a e

D 2-31
&y = 2In (ﬁo(t)) ( )

2.4.2.2 EXTENSIONAL STRAIN RATE

Time is very important during extensional flow; therefore, to include time, the rate of

elongation, also known as strain rate, &, is determined using Egn. (2 -32)[99].

Diia vy  dt

E= —

2.4.2.3 APPARENT EXTENSIONAL VISCOSITY

A combination of strain rates and physical properties of the test liquid such as surface
tension and density can be employed to determine apparent extensional viscosity, using
Eqn. (2 - 33) [98].

b= o (2-33)
dD, . (t
( d()/dt)
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Where ug is apparent uniaxial extensional viscosity (Pas), r, is the filament radius (m),
r; 1S the final filament radius (m), D; is the final filament diameter (m), dt is the change
in time (Secs), € is the strain rate (1/s), 1,4 (t) is the filament radius is a function of time
(m), V. is the separation velocity (m/s), D,,;q(t) is the filament diameter is a function of
time (m), D, is the initial filament diameter (m), ry, is the initial filament radius (m), L, is

the initial filament length (m) and L(t) is the filament length at length at time t.

2.5SURFACE TENSION AND CONTACT ANGLE DURING IN ROLL

COATING

Besides rheological properties, surface tension is a physical property of a coating liquid
that influences the performance of the roll coating process by dictating wettability of
coating on the roll surface and substrate. By definition, surface tension forces are
interactions between liquid molecules at the surface of the liquid film created by the
imbalance of forces between liquid molecules at the surface and those in the bulk. [85]
[50].

Prior to coating adhesion on any surface, coating wetting is the preliminary step.
Consequently, wettability is a function of surface tension of coating and surface energy
of the substrate and is quantified through contact angle measurements. The dominance or
inferiority of surface tension over surface energy dictates the value of contact angle and
subsequently the degree of wettability.

The contact angle can be static and/ or dynamic, and dependant on the process, a suitable
contact angle measurement can be employed. For example, the roll coating process is
dynamic, and therefore dynamic contact angles are more representative of the roll coating
process due to the dynamic mode of the process.

Fig. 2 -24 shows a series of droplets at various static contact angles. Drake and
Shikhmurzaev [100] denote that the difference between the dynamic and static contact
angle is that the former depends on both the flow geometry near the contact line and the

contact-line speed, whereas the latter depends on the flow geometry only.
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Fig. 2 - 24: Static contact angle using a sessile method - Contact angle < 90° (top right)
and Contact angle > 90° (bottom right).

Great wettability is achieved at contact angle below 45° and therefore adhesive forces
dominate over cohesive forces of liquid. Good wettability represented by contact angles
between 45 — 90 ° and therefore thee surface is known to be hydrophilic or “water loving”.
And finally, poor wettability is depicted as contact angle values between 90 — 180 °, and
therefore cohesive forces of the liquid dominate over adhesive forces [85]. In such a case,

the surface is known as hydrophobic or “water fearing”.

At low static contact angle, the liquid droplets advance or spread on the substrate,
depicting dominance of adhesive forces over cohesive forces. At a high contact angle, the
droplet possesses retracting characters and thus depicting dominance of surface tension
over surface energy of the substrate. Various researchers such as Bidwell and co-workers
[101] conducted in-depth work on surface tension determination by a pendant drop
method found that liquids with high surface tension show a more spherical droplet

(retracting behaviour) in comparison to those with low surface tension.

The static contact angle is applicable under ideal conditions. However, in the roll coating
process, the process is under dynamic conditions and their extra parameters or forces to

consider during dynamic conditions

Several surface defects during coating are attributed to high surface tension and/ or
surface tension gradient. Surface defects include fat edges, pinholes, PMD amongst
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others. The surface tension of coating is highly dependent on the resin and surfactant
concentration [102]; high concentration of surfactant reduces surface tension to a value
that is below the surface energy of the substrate and hence obtaining a positive spreading

coefficient.

The working principles of surfactants rely on the fact that they are micelles; they are
aggregates of long molecules where one part of the molecule is soluble in the solvent and
the other part is insoluble. This dual nature of surfactants enables molecules to
concentrate on the surface of the coating. As a result, the soluble portion remains
submerged in the coating whilst the part remains insoluble and in close contact with the
air. The attempt of the aggregated molecules to line up causes a compressive force to act

on the surface hence reducing surface tension.

Additionally, surfactants act as a dispersing agent in the coating formulation and
subsequently prevent solids contained in a coating system from flocculating[103].
Weidner et al [102] caution that much care should be taken to avoid surfactant
concentration gradients as this enhances the issues which were aimed to reduce in the first

place.

25.1 SURFACE TENSION AND CONTACT ANGLE MEASURING
TECHNIQUES FOR CHARACTERISING COATING

A plethora of commercial techniques for measuring surface tension have been employed;
for example, Du Nouy ring, Wilhemy plate, oscillatory jet, the capillary rise, the falling
curtain and the sessile or pendant drop techniques, to but mention but a few. The profile
of a sessile (sitting) or a pendant (dropping) drop relies on the force balance between
surface tension and gravity (weight). In static surface tension measurements, the pendant
drop method uses an optical tensiometer to analyse the shape of the drop. The shape of
the drop sitting or hanging from the needle attached to a syringe is determined using force
balances; forces being surface tension and weight of the liquid. However, the Pendant
drop technique generates faster than a sessile drop technique. None the less, the pendant
and sessile method is still found to be more complex and tedious compared to the
Whilhemy and Du Nouy ring method, despite their ability to obtain data faster and also
work with high viscous fluids [104]. It is noteworthy to mention that a pendant drop
predominantly employed to measure surface tension, while a sessile drop is employed to

obtain contact angle measurements.
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A prominent researcher, Thomas young [105], proposed that static angle of a liquid can
be assumed as a drop sitting on a solid surface, and a mechanical equilibrium of the sitting
liquid is maintained by three surface forces. The surface forces at the interface of solid
and liquid, liquid and air, and air and solid. The mathematical and thermodynamic
expression of Thomas young’s relation in Egn. (2 — 34) was further modified in to include
reversible work of adhesion and ignores the contribution of surface tension and surface
energy forces. The modified correlation known as the Young-Dupree correlation is
presented in Eqn. (2 — 35)[51], [53].

YLv €COSO = ygi, — Ysv (2 - 34)

Yy (1 —cos8) = WA (2 -35)

Where WA is the work of adhesion (J/m?), ys, is the surface interface of liquid and solid
(N/m), y.,,is the surface interface of liquid and vapour (N/m) and ys, is the surface

interface of the solid and vapour (N/m).

2.6 COATING FORMULATIONS FOR APPLICATION IN COIL COATING
PROCESS

Coatings employed in manufacturing of pre-coated steels are mainly for decorative and
protective purposes of the substrate from the corrosive environment. However, there has
been emerging industry for function coatings for various applications such as energy
capturing coatings; self-cleaning coatings that mainly rely on nanoparticles, for instance,

titanium dioxide containing coatings; fire resistance coatings; to mention but a few.

To achieve most of the intended purposes of coating, it is of great importance to
understand that coating formulations are as important as the operating parameters
employed during coating deposition onto the substrate. Coating formulations dictate the
physical properties of the coatings and consequently affect the quality and functionality
of the manufactured pre-coated steels. Coatings are formulated according to their
intended purposes and are predominantly composed of pigments, binders, solvents, resins

and additives.
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There are two types of coatings; solvent and waterborne coatings. Waterborne coatings
employ water is the main carrier driver of the coatings system. While solvent-borne
coatings employ solvents such as N-Methyl-2-Pyrrolidone (NMP), Butyl Carbdol Acetate
(BDA) and Petrosol to provide the flowability effect to the coating during processing.
Waterborne coatings find their applications in coat porous materials, automotive,
architectural sectors mainly because of their eco-friendly and low flammability
properties. While solvent-borne coatings find their applications a vast number of products
and industries, especially products that require extreme environments such as humid
environments, agricultural cladding systems and many more. Fig. 2 — 25 show typical

constituents of waterborne and solvent-borne base coating, respectively.

Pigments, 2% Resin, 22%

| N

Pigments, 2%

(@) Water-borne (b) Solvent-borne

Fig. 2 - 25: Constituents of a waterborne based coating (a) and Solvent based
coatings (b)

Glass and Prud’homme [84] state that the main two components in any coating
formulation are: binders that enhance the desired flow of coating during application and
also provide mechanical integrity of the coated layer when transformed from a liquid into
a solid-state; and the pigments that provide the aesthetic features and functionalities of

coatings.

2.6.1. PIGMENTS

Pigments are one of the most important constituents of a coating that award great hiding
power and chroma (colour intensity) to a coating. A higher the quantity of pigment in a
coating not achieves colour strength but also rheologically modified. They are often
organic pigments or mineral solids, and some pigments have photo-catalytic properties
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and are therefore used in functional coatings to provide functional properties such as
water purification and anti-corrosion properties. TiO is one of the most commonly used
pigments in coatings due to its great hiding power (white colour). A small quantity of this
pigment provides great opacity. For example, in architectural coatings, 21%
concentration of TiO: in latex is enough to yield optimal opacity. Due to the chromophore
structure possessed by the TiO, pigments, a colour impression by absorption in the visible
light spectrum is observed. Therefore, TiO2 pigment is known to have a great refractive
index. There exist alternatives to TiO2 such as Feo, calcium, silica and or clay carbonate
[84]. The inorganic pigments are reported to have a size range between 0.01 — 0.1 pm,
and smaller than the organic pigment by 1 power of 10. However, small pigments require

efficient dispersion for complete and even distribution into the coating formulation [106]

2.6.2. BINDERS OR RESINS

Binders also called resin to have a sole purpose of ensuring that coating constituents are
homogeneously dispersed. Moreover, resins provide good adhesion of a coating to the
substrate. The secondary purpose of resins includes the provision of high gloss level,
toughness due to the polymeric structure, durability and flexibility. Resin is mainly made
up of polymeric materials which enhance mechanical properties and toughness of the
coating film upon curing. Goldschmidt and Steinberger [106] comment that binders are

extenders and pigment-free components of the coating.

Polymeric resins are suitable for roll coating process; however, they must be amorphous
with a low molecule weight (molecular weight ranging between 1,500 to 25,000 g/mol)
[5]. Resins also enhance viscoelastic properties; at low shear rates coatings exhibits an
increase in viscosity, and at high shear rates a shear-thinning behaviour is observed [104].
The shear-thinning behaviour is essential for ceasing flow ability once the coating has

been applied on the substrate and therefore does not continue to flow.

Resins are categorised into four groups based on the drying or curing mechanism. These
mechanisms include simple evaporation; single component catalysed/ cross-linked
polymerization; two components catalysed/ cross-linked polymerisation and coalescence.
Resins are further broken down into two types; natural or synthetic binders; with each
type possessing different characteristics and applicability.
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2.6.3 SOLVENTS

Solvents, also known as liquid carriers, are essential for coating fluidity. The liquid
carriers used may be solvent or water-based hence the category names of coatings; a
coating with a liquid carrier as water is known as a water-based coating, and the other
with a liquid carrier as a solvent is known as a solvent-based coating [5].

The sole purpose of a liquid carrier is to bind together coating constituents, that is to say;
pigments, binders and additives. Upon drying or curing, the solvent is evaporated leaving

behind a dry film of coating on the substrate.

The choice of solvent is usually based on evaporation rates and flash temperatures. If the
evaporation rate of the solvent is too high, the coating is likely to cure whilst the solvent
has not completely evaporated from the wet film hence giving rise to a solvent pop or boil
defect on the coating surface. Consequently, a good choice of solvent is essential for

better control of evaporation rates.
2.6.4 ADDITIVES

Additives include rheological modifiers, UV stabilisers, amongst others. They enhance
coating properties during and after coating deposition and drying/ curing process. Often
a concentration of ~ 3% is added to bring about a drastic change in properties, such as
coating fluidity, flexibility, colour intensity, amongst others [107]. The most commonly
used additives are rheological modifiers, surfactants and plasticizers. Rheological
modifiers improve the rheological or fluidity properties of coating to enhance the stability
and operating window during roll coating. Plasticisers are often added to the formulation
to improve the flexibility of the coating to enable the drying and curing process efficiency.
The flexibility is achieved by separation of polymer chains and subsequently reducing the
internal residual stress of coating. The internal residual stress is a function of the action
of stress and stress relaxation process; therefore, it is essential to give sufficient relaxation
time to the coating by drying the wet film of coating in mild operating temperatures and

velocity of air.

And finally, surfactants are well known for reducing surface tension, hence improving
the wettability and the spreading coefficient of the on the substrate. High surface tension
and surface tension gradients may lead to defects such as pinholes and fat edges,

therefore, surfactant addition can aid to combat defects mentioned therein. However, the

61



surfactant concentration gradient should be controlled as this may enhance the coating
defects described above [108].

2.7.  CONCLUSIONS

This chapter has highlighted various factors that can influence product quality during
manufacturing of architectural steels, ranging from operating parameters such as line
speeds, roller coating configurations, to mention but a few. While other researchers have
mainly focused on operating parameters with regards to understanding the initiation of
some of the defects encountered at the roller coating process, many have ignored the
impact of the rheology, in particular the influence of slip phenomena, on the appearance
of the final product and the processability of the liquid coating through various process
units. Understanding the impact of slip during roller coating process would provide a
greater understanding of material behaviour and subsequently eliminate some of the
persistent defects encountered at the coating line. Therefore, this project’s objective is to
investigate the effects of material properties and operating parameters, and consequently
devise a Quality Control test for in-ward goods at Tata steel colors, UK, based on the
rheological understanding of liquid coating properties.
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CHAPTER THREE:

ASSESSMENT OF THE “PAINT MISSES” DEFECT - PART 1: WETTING AND
CHEMICAL CHARACTERISTICS

3.1.  INTRODUCTION

“Paint misses” also known as PMD is a term used to describe a common defect
encountered on the coating line at Shotton. This defect results in areas of the strip not
being coated, exposing the underlying steel or base organic layer. This defect is known
to be speed-related and it is believed that the defect originates from the coating trough
following the operators’ observation of a curtain break, near the coating trough, before
the defect occurs. Operators’ experience has identified that the defect can be eliminated
by reducing the coating speed, but this has a direct subsequent reduction in the
productivity and commercial profitability of the manufacturing process. The defect is
reported to manifest itself apparently at random when machine controls and operating
conditions are held constant. The origin of the defect has therefore been attributed to
changes in the properties of the coating liquid material, as it often appears and disappears
between nominally identical batches of material. In each instance, the batches of material
pass the outward QC system at the paint supplier and the inward QC system at the Shotton
plant.

As the liquid coating is a bespoke complex formulation, numerous chemical and physical
properties can influence the manifestation of the defect on the final coated product. The
strategy employed in identifying those key characteristics was to examine the process
root causes to the issue and then to characterize the basic material properties of a batch

of material which exhibited the defect and one that did not.
The aim of the study was three - fold;

1. To establish the cause of the defect such that possible remedies could be fed back
to the paint formulators/manufacturers.

2. To investigate the underlying process physics relating to the flow of a complex
fluid in shear and extension.

3. To develop a more robust QC system which could be used to more accurately

determine batches of material which were liable to the defect.
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Under ideal coating conditions, a continuous curtain is produced on the pick-up roll, as
pictorially described in Fig. 3 — 1; however, the operators have identified that there is a

breakup in this curtain is a sign that the defect is about to occur.

Coating
curtain

Fig. 3 - 1: The pick - up roll rotation in the coating trough with a coating curtain being
formed when the process is operating

Three possible root causes of PMD and all were credited the physical properties of
coatings, roll surface and substrate surface properties. The root causes are: -

(1).  Failure of the liquid coating to wet chromated pickup roll surface and/ or substrate
due to low surface energy of pick- up roll and/ or substrate.

(2).  Low elongation viscosity and mechanical properties causing short critical breakup

time of liquid coating film on chromated pick - up roll surface from the coating tray

(3).  And finally, apparent wall slip (AWS) which promotes particles migration either
from the bulk to the layer adjacent to the chromated pick - up roll wall (positive AWS/
wall slip), or particles migration from the bulk to the bottom surface of the coating trough
(negative AWS/ wall stick).

The first outlined root cause; failure of coating to wet chromated pick - up roll surface
and/ or primer coated substrate due to low surface energy of the surfaces or high surface

tension of the liquid coating, was investigated by conducting contact angle measurements.
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It is believed that enough wetting is the preliminary step in achieving coating adhesion to
any surface. Otherwise true slip, as a result of poor wettability, takes effect thus leaving
unpainted regions (PMD) on the roll surface and the substrate. Fig. 3.- 2 schematically
shows the impact of good wetting (scenario 1) and poor wetting and hence true slip

(scenario 2).

PICK UP ROLL

COATING

Fig. 3 - 2: Schematic of a pick - up roll rotating in the coating trough; a flow without
true slip phenomena (scenario 1) and flow with true slip (Scenario 2).

Therefore, chapter three focuses on investigating the impact of wettability on the
manifestation of PMD, through static and dynamic contact angle measurements on
chromated pick - up roll surface and primer coated substrate. However, identifying
differences in base chemical composition is the starting point to explain differences in
wettability and consequently PMD. A range of chemical analysis techniques; from
elemental analysis (EDX), and FT — IR studies, right through to thermal analysis was

initially carried out.
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3.2.  MATERIALS AND METHODS
3.2.1. MATERIALS

3.2.1.1. COATINGS

Investigation of PMD was conducted on two commercial organic coatings which
belonged to a family of PVC resin-based coatings, provided by AkzoNobel formerly
known as BASF. The two coatings were dispatched in two different batches; however,
they were believed to be the same in terms of formulation and therefore performance at
the coating line. Under industrial conditions, the two coatings behaved differently, and
this was manifested when line speeds and roll speeds were increased. Better coating
denoted as Coating B, ran a defect-free performance at lines speed up to 90 m/ min,
whereas Standard coating, denoted as Coating S, ran a defect-free performance at line
speeds up to 70 m/min. Therefore, Coating B showed higher versatility than Coating S at
the coating line.

3.2.1.2. METAL SURFACES

Investigation of wettability of coating was conducted on ECCS (electrochemically coated
steel) surface to represent a chromated surface of the pick - up roll employed in the
industry.

Investigation of wettability of coatings understudy on the substrate was conducted on a
primer coated steel. There were two primer - coated steel substrates employed, ZA255
Polyurethane (PU) and ZA255 Acrylic - chromate-free primer, with dry film thickness
(DFT) of primer of 5-8 um. Primer - coated steel surfaces for this work were supplied by
Tata Steel research centre, Warwick University.

3.2.2. METHODS
3.2.2.1. FOURIER TRANSFORM INFRARED (FT- R) SPECTROSCOPY

FT-IR analysis of PVC- resin-based coating was conducted using PerkinElmer FT-IR
two-UATR apparatus, schematically shown in Fig. 3 — 3 below, provided by SPECIFIC

laboratory at Swansea University.

Prior to each scan, the PerkinElmer apparatus (near the crystal Diamond) was thoroughly

cleaned using Isopropanol. All experiments were conducted under ambient conditions.
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Sample scans were run from 4000 — 515 cm™, with a resolution of 4 cm™ and 4

accumulations per second. The experiment for each liquid coating was repeated three

times.
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Fig. 3 - 3: PerkinElmer FT-IR two - UATR (serial number of 47443)
3.2.2.3. MICROSTRUCTURAL ANALYSIS

Microstructural analysis was conducted on cured coating films, to identify differences in
particle size, shape and distribution between Coating B and S. The experiment was
conducted using Zeiss SEM EVO LS25 with specifications of 3.49 nm resolution at 30
kV, < 7X to 1000000 X magnification, 0.2 to 30 kV accelerating voltage and pressure
range of 10 to 3000 Pa, and provide by AIMS laboratory facility at Swansea University.
In addition, microstructural analysis with the aim of studying and comparing quantities
in elemental compositions of Coating B and S was conducted using Energy dispersive X-
ray (EDX).

a. Sample preparation

Acrylic Primer coated substrate was blade coated with a PVC — resin-based topcoat
(Coating B or Coating S). At the coating line, a deposition of ~ 200 um of PVC topcoat
wet film thickness is deposited on a primer coated substrate. In order to achieve, the same
wet film thickness under laboratory settings, a 50 pum Plastic paper x 4 was used to
estimate a 200 pum gap size between the substrate and the coating blade, and subsequently

ensuring the deposition of a 200 um wet film thickness.
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The coated samples were subsequently cured in the Mathis oven, at 210 °C under a
minimum exhaust airflow of 138 m®/h. It is worth noting that before material curing; the
oven was left to heat up from room temperature to 210 °C for 10 minutes. The samples
were let to cure for 60 seconds in the oven. Upon cooling, the samples were cut into 1 x
1cm dimensions followed by sample grinding on 500 and 200 grit under constant water
supply, and surface polishing using a micron layer cloth and water-based diamond

solution of 2 and 5pum.

Fig. 3 — 4 illustrates a blade coater (on the left) and a cured deposited topcoat (on the
right).

Fig. 3 - 4: Blade coating of PVVC topcoat on acrylic primer-coated steel sample (on the
left) and cured coating film (on the right).

Polished samples were sputter-coated by 15 nm layer thickness of Platinum due to the
non-oxidising properties of the coating, using a rotary pump sputter coater (Q150T

Quorum), ready for SEM and EDX analysis.
b. SEM and EDX analysis

SEM and EDX studies were conducted on the cross-section of the 1 X 1 cm coated steel
sample. SEM studies were conducted under 1um resolution, 9 mm working distance and
8.20 — 8.40 K magnification, 15 kV accelerating voltage and 40 PA.

EDX was conducted in the electron backscattering mode, and the analysis work was
conducted under 20 kV accelerating voltage, energy range of 20 keV, working distance
of 10 mm, and 2048 image scanning size and 5 seconds process time. The contribution of
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Platinum to elemental composition analysis was ignored and thus subtracted away from

the result.
3.2.2.4. THERMAL ANALYSIS

Organic coatings are multiphase systems; therefore, composition analysis via thermo-
gravimetric and Differential thermal gravimetric analysis (TGA- DTG) method was
employed. Fig. 3 - 5 shows a PerkinElmer Pyris 1 TGA equipment employed in this study.

Fig. 3 - 5: PerkinElmer Thermogravimetric analyser (TGA - Pyris1)

Prior to heating scans, the furnace was thermally cleaned under isothermal conditions at
700 °C and 10 minutes. All heating scans were conducted under a nitrogen gas blanket,
provided at a rate of 20 ml/min to avoid any oxidative reactions. A wet coating sample,
with an initial weight of ~ 2 mg, was placed in a platinum pan and thermally heated from
28 - 600 °C at a heating rate of 2 °C/min.

The heating scans were repeated three times for both coatings, and a standard deviation

of 2% was determined.
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3.2.2.5. DENSITY MEASUREMENTS

Density measurements are a vital tool in determining the quantity of matter in a unit
volume. Density measurements were conducted using a laboratory (analytical) weight
scale with an accuracy of +0.001 mg and, a constant volume pipette (10 ml Syringe) with
an accuracy of +0.01 ml, at room temperature of 21 °C. An empty 10 ml syringe was
initially weighed. The syringe was then filled with 10 ml volume of a sample and weighed
again. The normalised mass difference between an empty and filled syringe was
calculated and employed as the density of the coating. The experiment was repeated three

times for each coating.
3.2.2.6. SURFACE TENSION MEASUREMENTS

The defect under investigation, PMD, was believed to have originated from poor
wettability of coating on the Pick-up roll and/ or the Primer-coated steel because the
preliminary step prior to paint adhesion is good wettability. It is therefore of pinnacle
importance to understand the effect of surface tension on the wettability of coating on
chromated surface of the pick-up roll and Primer coated steel. Surface tension
measurements using a pendant drop method was carried out using an optical tensiometer
as shown in fig. 3. - 6. A high-speed camera was employed to capture a series pendant
drop.

Fig. 3 - 6: FTA 32 Optical tensiometer
FTA 32 software was employed for data analysis; to determine surface tension from the

captured images. Experiments were conducted at constant temperatures of 21 °C, using a

ml syringe and 1.4 mm needle diameter.
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Surface tension and contact angle measurements were conducted by dropping a 25 — 50
ul coating sample through the needle. A series of images were obtained using a high-
speed camera were taken to monitor the change in the drop shape with time. FTA 32
software was employed to calculate surface tension and contact angle measurements from
the captured series of images. It is worth noting that the software provides surface tension
values at a specific gravity of 1. Therefore, prior knowledge of coating density was
important to determine the specific gravity of coatings which was subsequently employed
to determine the actual surface tension of coatings. Each experiment was repeated five

times.
3.2.2.7. CONTACT ANGLE (WETTABILITY) MEASUREMENTS
a. Sample preparation of ECCS

Wettability of coating on ECCS was studied on two surfaces: a clean/dry ECCS surface

and ECCS with a layer of coating (pre-wetted surface).

Under industrial conditions, a dead time of ~ 3 minutes, prior to coating deposition onto
the substrate, was considered to pre-wet relevant units in the roll coating process. The
pre-wetting process was therefore considered in the experimental work by assuming that
a certain degree of coating on the pickup roll was expected. Therefore, wettability on both

dry and pre-wetted ECCS was investigated.

ECCS was purchased with ~ 5 nm organic layer of Dioctyl Sebacate (DOS) and therefore
required thorough cleaning. DOS oil was removed with fairy washing up liquid, water
and a toothbrush as seen in fig. 3 — 7. Further cleaning was conducted with acetone to

ensure that dirt and DOS oil have been cleaned.
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Fig. 3 - 7: Surface preparation for wettability study on ECCS.

A pre-wetted surface was prepared by dropping a 25 — 50 pl of coating sample and let to

spread for 2 — 4 minutes to create a layer of coating for further investigation.
b. Primer-coated steel

Investigation of wettability via contact angle measurements was conducted on two primer
- coated steel substrates, ZA255 Polyurethane (PU) and ZA255 Acrylic - chromate-free
primer coated substrate, because the two primers coated substrates are the major substrate
employed in the manufacturing of the PVVC plastisol products for architectural use. Steel
substrates contained a 2 um zinc layer and a 5 - 8 um dry film thickness of primer-
coating. Primer - coated steel surfaces were supplied by Tata Steel research centre at

Warwick University.

3.2.2.8. CONTACT ANGLE MEASUREMENTS USING A SESSILE
METHOD.

Contact angle measurements were conducted using a sessile method. Fig. 3 - 8 shows a
sessile drop for contact angle measurements. At the coating line, rolls and a substrate are
in constant dynamic mode; therefore, to replicate this process a dynamic contact angle
was obtained by capturing a series of images (video) showing the change of contact with

time due to the spread-ability of a drop on a surface.

Fig. 3 - 8: A sessile drop method for contact anle measurements

To investigate dynamic contact angle on the pickup roll, information of roll speed - 70
m/min and 90 m/min - employed on the coating line, and roll diameter- 256 mm, was
acquired from process technologists at Tata steel colors in Shotton. This information was
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utilised to calculate the travel time of coating for 180 ° (r rads) from the point of impact
to the middle of the nip gap. Fig. 3 - 9 shows a schematic of roll coating process
illustrating the journey taken by a drop of coating from the point of impact, A, to the
midpoint of the nip — gap, B. A drop of coating would take 0.27 and 0.34 seconds at the
pickup roll speeds of 90 m/min and 70 m/min, respectively, to travel from point A to point
B on the pick roll diameter of 256 mm. A comparison of wettability of coating B and
coating S deposited on dry and clean ECSS and, pre-wetted ECCS was conducted by

obtaining contact angle values at the times obtained above.

Impression
roll

Applicator roll

Pick—Uproll g

Coating trough

Fig. 3 - 9: Schematic of a reverse roll coating process showing the distance of travel of
coating droplet from the point of impact, A, to the destination, B.

3.3. RESULTS

3.3.1. FOURIER TRANSFORM INFRARED SPECTROSCOPY (FT-IR)
ANALYSIS

A comparison of absorbance spectra due to bond vibrations, conducted within the
wavenumber range of 515 — 4000 cm™ is presented in fig. 3 - 10. The presence of PVC
resin was identified from symmetrical and non-symmetrical stretching of an alkane (C -
H) at ~2926 cm™ and 2852 cm, respectively, CH, group deformation at ~ 1340 cm™,
out of plane angular deformation of (pCH) ~1250 cm™; out of phase trans deformation
of (C - H) at ~960 cm™, and a stretch of (C - CL) at a wavenumber of 609 cm™. These

findings correspond to those in literature by various researchers such as Balakit et al
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[109], Beltran and Marcilla [110] and Altenhofen da Silva et al [111], for PVC containing

materials.
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Fig. 3-10: FT - IR analysis of Coating B and Coating S, peaks normalised based
on the C — CL vibrational bonds.

Normalised absorbance (a.u)

Additional peaks were observed in both coatings; a strong peak at ~1731 cm™ attributed
to the stretching of the carbonyl group (C = O) due to the presence of the alphatic ester;
and finally a ~1423 cm™ peak credited to a bending (O - H). These extra peaks were
attributed to the presence of a plasticiser. Again, these findings were in line with
Altenhofen da Silva et al [111] results, where the authors compared FT-IR spectral peaks
of Pure PVC and plasticised PVC films in their work titled: The Polyvinylchloride (PVC)
and natural rubber films plasticized with a natural polymeric plasticizer obtained through
polyesterification of rice fatty acids.

Furthermore, the strong peaks observed at wavenumbers of 956, 1247 and 1427 cm™ were
ascribed to an asymmetric stretching of (B — O), and these results were also parallel to
Babeela, Sabari Girisun and Vinitha’s [112]work. The stretching of (B — O) bonds was
credited to the presence of Barium diboron tetraoxides. And finally, C - CL intensities
(absorption values) were the highest for both coating samples, depicting a higher
abundance of C - CL than any other vibrational bonds in coatings.

FT-IR analysis showed a complete overlap of major absorbance peaks of Coating B and
Coating S depicting that the polymer backbone and other organic components were the
same in both coatings. The intensity of the major peaks was also observed to be the same,
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depicting that the population of vibrational bonds was also similar. Therefore, the
difference in the performance of the two batches was not credited to the difference in the

organic composition of liquid coatings.
3.3.2. MICROSTRUCTURAL ANALYSIS AND EDX

FT—IR studies did not identify differences in vibrational bonds, and therefore did not give
any insight into the difference between organic constituents between Coating B and
Coating S. Thus, microstructural analysis and EDX studies were conducted on Coating B
and Coating S to further understand the difference between inorganic constituents and

microstructure.

Fig. 3 - 11 and 3 — 12 show the elemental composition of coating B and Coating S,
respectively, obtained under backscattering mode. Microstructural and elemental analysis
on a three-layered coated steel sample containing magiZinc, primer coating and top
coating of Plasticeram Black was conducted to investigate the differences in the inorganic
composition of coatings that could have impacted the performance of the liquid coatings

under study.

It is worth noting that more than one spectrum on the specimen (top coating) - randomly
picked, showed the same elements but different elemental weight values. It was,
therefore, misleading to quantitatively compare Coating B and Coating S based on the
elemental weight. Nevertheless, a comparison based on the qualitative study was

employed for comparison purposes.
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Fig. 3 - 11: Elemental EDX microanalysis of coated steel with Coating B as the topcoat.
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Fig. 3 - 12: Elemental EDX microanalysis of coated steel with Coating S as the topcoat.

EDX microanalysis of both coatings showed the same elements, with carbon (denoted as
C) being the dominant element. Carbon was likely to have come from all constituents of
the Coatings; from PVC resin to BDA/Petrosal solvent mixture and right through to

carbon black pigment and other carbonaceous additives.

The presence of chlorine (denoted as Cl) in Coating B and Coating S was traced back to
PVC resin. However, ~ 50% more carbon than chlorine in both coatings because carbon
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was present in most of the individual constituents of the coatings, while chlorine was only
traced back to PVC resin.

And finally, Boron (denoted as B) was the second-highest element observed in the
elemental intensity graph, with ~25% in both coatings. The presence of Boron was
credited to Barium diboron tetraoxide compound as stated in the formulator’s MSDS.
Barium diboron tetraoxide as an additive in coatings that is a strong thermal/ Stabiliser/
UV stabiliser and a rheological modifier. Negligible traces of Barium was detected in the
elemental analysis results which are likely to suggest that small quantity of Barium in
comparison to Boron. PVC is prone to low thermal stability, photodegradation,
photooxidation, by attacking C — CL bond to form radicals. The mechanism of
photodegradation and oxidation is reviewed in Yousif and Hassan’s [109], [113]work.

Therefore, Barium diboron tetraoxide acts as a stabiliser for a PVC system.

It proved a challenge to obtain information about particle size, size distribution and shape;
therefore, a comparison based on microstructure analysis between coatings was not

conducted. This was credited to the size of pigment particles employed in the coatings.

Based on EDX analysis and visual inspection of both coatings, it was believed that the
pigments employed were carbon black. The typical size range of carbon black pigments
is estimated between 50 — 80 nm as reported by Khankaew and Komasatitaya [114], and

therefore too small to show in the micrographs using the Zeiss SEM EVO LS25 model.

3.3.3. THERMAL ANALYSIS (TGA - DTG) ANALYSIS

Complex fluids such as coatings consist of various constituents such as solvents (for
solvent-borne coatings), fillers, dryers, pigments, polymers, amongst others. Fig. 3 - 13
shows a composition analysis of Coating B and S using the TGA - DTG tool. There were
three degradation stages observed from the TGA - DTG curves for both coatings. The
first stage was attributed to solvent mass loss, with Coating S exhibiting a higher
percentage mass of solvent than its counterpart. The gradual change, as opposed to a fast
decrease in the first mass loss stage, was attributed to the solvent blend and this was
confirmed by the MSDS provided by the coating formulators. The solvent blend of BDA

(Butyl Carbdol Acetate) and Petrosol were employed in this formulation.
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Fig. 3 - 13: Comparison of thermal degradation (primary axis) and rate of degradation
(secondary axis) as a function of temperature for Coating B and Coating S

The second mass loss stage was attributed to the development of the polymer matrix and
further scissoring of chlorine atoms from the PVC polymer back - borne. The main
reaction was the dehydrochlorination of the polymer to form a de — HCL PVC
(intermediates), which was further broken down into Polyene chain, and these findings
are parallel to Yu et al[115] and Castro et al [116] work. Starnes Jr [117] analyses that
the release of HCI acts as a catalyst in further decomposition of the PVC backbone, thus
creating an autocatalytic process. However, the number of additives such as thermal

stabilisers, fillers, pigments to mention but a few, hinder the autocatalytic process.

And finally, the third mass loss stage was credited to cracking and decomposition of
polyene chains to form volatile components such as benzene and toluene, and other
carbonaceous materials, leaving behind a final residual mass. The final residual mass was
thus believed to contain char, pigments and fillers. The composition of final residual mass
can only be obtained through the oxidative process (burning in the air) which was out of
the scope of this research work, and therefore not pursued. A quantitative summary of
composition analysis and degradation rates as a function of temperature are presented in

Table 3 - 1 and Table 3 - 2, respectively.

Initial degradation temperature (IDT) for Coating B was higher than Coating S, depicting
that Coating B has higher thermal stability than its counterpart. This was credited to the
solvent blend where Coating B was likely to have a higher quantity of BDA with the

78



closed cup flash point of over116 °C or higher, than Petrosol with closed cup flash point

of 90 °C or over.

Table 3 - 1: Summary of thermal degradation stages

Mass loss stages Coating s Coating B
Temperature Mass (%) | Temperature | Mass (%)
range (°C) range (°C)

Solvent (First Peak) | 28 -212 ~11 28 — 220 ~9
(De - chlorination) 212 - 300 ~ 60 221 - 300 ~ 64
Second peak

Decomposition of 400 - 473 ~20 400 - 464 ~ 16
Polyene (Third Peak)

Final residual Mass -~ 496 ~9 ~ 495 ~11
(contains char,

Pigment and fillers)

Table 3 - 2: Summary of thermal properties from TGA- DTG curves

Coating S Coating B
Initial decomposition Temperature ~28°C ~50°C
(1IDT)
Maximum rate of decomposition ~267°C ~267°C
temperature (MRDT)
Dy, (50% mass decomposition) ~276°C ~276°C
temperature

The maximum rate of decomposition (MRDT) was observed in the dehydrochlorination
mass loss stage (stage two) for both coatings, inferring C- CL group has the highest
composition in the binder and solvent mixture. MRDT was observed to be the same
depicting that both coatings have the same binder content. This was verified with the

TGA results, where the second mass loss stage for both coatings overlapped.

The third mass loss stage (polyene chains) showed a negligible difference in composition,
and MRDT peak in DTG curves was the same for both coatings, confirming that the
binder content and polymer backbone was the same for both coatings. The final residual
mass attributed to solids content such as pigment and fillers showed almost the same

quantity.

TGA-DTG analysis curves have provided a ground of comparison of Plasticeram black

coatings. There were subtle differences in the composition of coatings; for example,
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Coating B showed ~ 2% more final residual mass (solids) content than Coating S;
however, Coating S showed ~ 2% more solvent content than Coating B. The differences
in composition were negligible and therefore attributed to the experimental error
tolerance. Experimental errors might have risen during sample loading - differences in
the initial mass of the test liquid coating. Additionally, the TGA equipment is very
sensitive to subtle movements and vibrations; therefore, any movement in the room could

cause erroneous readings. This could also have contributed to the experimental errors.

The formulators of the coatings under study claimed that the difference in thermal
stability was due to the high quantity of Barium diboron tetroxides which is also believed
to be a UV/ thermal stabiliser and a rheological modifier. However, the FT — IR analysis
results showed the same quantity of B - O bond intensities, depicting almost the same
quantity of Barium diboron tetraoxides. This also further cemented findings from the

composition analysis.

3.3.4. DENSITY AND SURFACE TENSION MEASUREMENTS

Surface tension describes the interaction between surface molecules of the liquid
coatings. High surface tension depicts strong bonds holding surface molecules together
and therefore requires high surface energy to overcome the strong surface bonds. Density
describes the quantity of matter in a unit volume. Table 3 — 3 show surface and density
values for Coating B and Coating S.

Table 3 - 3: Density and Surface tension measurement for Coating B and Coating S

Density Surface tension

[kg/mq] [MN/m]
Coating B 1294+ 0.2 35+ 0.6
Coating S 1193+ 0.2 2710.6

A ~ 8% difference in density values between Coating B and Coating S was seen, depicting
a higher guantity of matter in a unit volume for Coating B than its counterpart. Higher
solids content is often credited to various factors, among which include; surfactant
concentration, type of surfactant, the concentration of the solvent, solvent, amongst
others. However, the negligible difference in solids content and absorbance intensities
were seen in TGA and FT - IR studies. Surface tension for Coating B was ~ 15 % higher

than Coating S.
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3.3.5. COATING WETTABILITY ON THE PICKUP ROLL

In order to achieve good/ superb wetting, the surface energy of the surface should be high
enough to overcome the surface tension of a coating and this is represented in contact
angle values. It was seen in fig. 3— 14 that both Coating B and Coating S exhibited contact
angle dependence on time on both pre-wetted and dry ECCS surfaces. However, Coating
S showed a stronger contact angle dependence on time than Coating B. It was therefore
deduced that at different time readings, and thus line/pick up roll speeds, different contact
angle values can be obtained. Therefore, a comparison of wettability of both coatings on

pre-wetted and dry ECCS surfaces was carried at the different pick — up roll speeds.

—&— Coating S on ECCS Coating B on ECCS

Coating S on ECCS with a layer of coating Coating B on ECCS with a layer of Coating
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Fig. 3 - 14: Dynamic contact angle of coatings on different surfaces
Fig. 3-15and 3 - 16, respectively, show contact angles of coating on dry ECCS and pre-
wetted ECCS obtained from the dynamic contact angle measurements. On both dry and
pre-wetted ECCS, contact angles for both coatings did not change greatly as a function
of time depicting that pick - up roll speeds understudy had a negligible impact on the

wettability of coating on the pick - up roll surface.
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Fig. 3 - 15: Contact angle measurements of Coating S and Coating B on dry ECCS at
pick - up roll speeds of 90 and 70 m/min.
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Fig. 3 - 16: Contact angle of Coating S and Coating B on pre-wetted ECCS surface at
pickup roll speed of 90 and 70 m/min.

However, it was noticed that pre-wetted ECCS wetted better than dry ECCS surface for
both coatings, due to the lower contact angle values, signifying that the downtime of ~ 3
minutes employed on the coating line significantly improves the wettability of coating on

the pick-up roll. A reduction in contact angle by ~ 45 % was noticed, and this was credited
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to the stronger effect of cohesive forces between coating layers than adhesive forces

between dry ECCS and the deposited coatings.

On dry ECCS, Coating S showed ~ 19% higher contact angle values than Coating B at
both pick - up roll speeds, depicting that coating B wets better than its counterpart,
Coating S. On pre-wetted ECCS, Coating S exhibited ~ 13% lower contact angle than
Coating B inferring better wettability for Coating S than Coating B when downtime of 3

minutes is employed.
3.3.6. COATING WETTABILITY ON A PRIMER COATED SURFACE

Having established that Coating S wets better than Coating B on a pre-wetted pick — up
roll, it was deduced that PMD was not credited to poor wettability on the pick - up roll.
Therefore, further investigation into wettability on primer - coated steel was carried out
because the defect was likely to have been caused by poor wettability on the substrate.
Fig. 3 - 16 shows dynamic contact angle of Coating B and Coating S on Polyurethane
(PU) and Acrylic Primer-coated steel surface. It was seen that Coating S had a lower
contact angle than coating B on both substrates. This further cemented that Coating S
wets better than Coating B.

Coating S on PU primercoated steel Coating B on PU primercoated steel

Coating S on Acrylic primercoated steel @ Coating B on Acrylic primercoated steel
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Fig. 3 - 17: Dynamic contact angle of Coating B and Coating S on both PU and Acrylic
Primer coated steel
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Additionally, the type of substrate employed affected the degree of wettability. It was
evidenced that both coatings exhibited a lower degree of wettability on PU primer - coated
steel than acrylic primer coated steel throughout the test time. This difference was
significant at lower times and lessened as time increased. Above 10 seconds, static contact
angle values were obtained. All static contact angle values for both coatings on PU and
acrylic primer coated steel showed superb wetting due to the low contact angle values
less than 45°.

3.4. CONCLUSIONS

The aim of chapter three was to investigate and compare the wettability of Coating B and
Coating S on a chromated pick- up roll surface and primer coated steel surface. With the
information obtained from the chemical analysis part of this work, differences in

wettability of coatings could thus be explained.

There were limitations encountered during microstructural analysis of coatings; SEM
studies were unable to provide information about particle sizes, shapes and distribution
of coating constituents. The limitations of the SEM to provide particle size and shape
analysis was ascribed to the small sizes of carbon black pigments that could not be seen
under EVOLS SEM equipment employed in this study. However, alternative optical
methods such as Mastersizer equipment were also adapted but still failed to provide
information of particle size and shape analysis because coating constituents adsorbed onto
the agitator and therefore unable to disperse evenly in the dispersant. However, elemental
analysis via EDX provided valuable information on inorganic composition in both
coatings. Inorganic constituents were found to be similar in both coatings. It is worth
noting that EDX studies were only employed for qualitative and not quantitative studies

to identify differences in elements.

Coating B and Coating S exhibited the same vibrational bonds under FT -IR analysis.
Negligible differences in mass composition under TGA - DTG studies were also found.
The three chemical analysis tools, qualitatively, namely, TGA DTG, FT-IR and EDX,
were able to identify the presence of PVC resin; Barium diboron tetraoxides - a strong
UV stabiliser and a strong rheological modifier; carbon black pigment; and the solvent

mix of BDA/ Petrosol solvent.

84



Wettability of dry ECCS which acted as a representative of the pick - up roll showed
about 19% better wettability of Coating B than Coating S was achieved despite of the fact
the Coating B has higher surface tension than Coating S.

However, wettability on dry ECCS does not reflect real industrial conditions because the
pick - up roll is maintained in a “pre - wetted”” condition prior to coating deposition. Under
industrial conditions, a dead time of ~3 minutes is factored in to allow the pick-up roll to
become pre - wetted. Therefore, an investigation of wettability on pre - wetted pick - up
roll surface was conducted. Coating S exhibited ~13% lower contact angle than Coating
B at both roll speeds. This inferred that Coating S wets better than Coating B under pre-
wet conditions. The difference in performance of both coatings was credited to the
difference in surface tension where Coating S showed lower surface tension than Coating

B, thus allowing easier distortion of the coating on a pre-wetted surface.

It was therefore deduced that wettability of a coating layer on the pick - up roll was not
the root cause of PMD due to superb wetting achieved by both coatings. Further
investigation of wettability of both coatings on primer - coated steel showed better
wettability on PU than acrylic primer - coated steels depicting that surface type and
conditions also play a part in the wetting on a liquid coating onto the surface.

In conclusion, wettability studies and chemical analysis did not provide an insight into
the sources of PMD at Tata steel colors. Therefore, rheological assessment in the next

chapter would provide further information on the root cause and the mechanism of PMD.
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CHAPTER FOUR:

ASSESSMENT OF THE “PAINT MISSES” DEFECT - PART 2: SHEAR RHEOLOGY
OF PLASTICERAM BLACK COATINGS

41. INTRODUCTION

Having established in chapter three that there exists a negligible difference in base
composition, both qualitatively and quantitatively, further research work in rheological
differences was pursued. It was suggested that insufficient blending of coating
constituents such as blending of PVC resins and the plasticisers, or plasticised PVC resin
and pigments during formulations could explain the difference in performance. Therefore,
the effect of homogeneity on the quality and quantity of coating pick — up from the trough
by the pick - up roll was investigated using the concept of Apparent Wall Slip (AWS).
Fig. 4 - 1 schematically demonstrates the effect AWS on the quantity and quality of
coating picked up from the coating trough. Scenario 1 illustrates Wall stick (Negative
AWS) credited to phase separation, where a high-density layer manifests a high affinity
towards the chromated pick — up roll surface. Consequently, this causes migration of solid
particles/ pigments from the bulk to the pick — up roll surface. Scenario 1 has two

consequences to the pick - up process;

(1) There is a development of a solid layer of coating on chromated pick - up roll
that blocks the nip gap, thus creating competition of nip - gap space between
fresh paint and the solid layer,

(2) There is a development of a solid layer due to phase separation of the coating
that leaves behind the solvent at the bottom of the trough. Therefore, low
quantity or intermittent liquid coating is picked up and transported to the

downstream units.
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PICK UP ROLL

Fig. 4 - 1: Schematic of pick - up roll in the coating trough with negative AWS
(scenario 1) and positive AWS (Scenario 2)

Scenario 2 shows a phase separation of coating where particles migrate from the bulk to
the bottom of the coating trough. The layer adjacent to the roll surface is occupied with a
low-density phase, mainly solvent, that acts as a lubricating layer between a particle - rich
layer and the chromated pick — up roll surface.

Further shear rheological studies, in addition to slip investigation, were conducted to
understand the flow behaviour of the two coatings through the coating trough and the nip
gap. Currently, viscosity measurements at Tata Steel Colors at Shotton are conducted
using a spindle rheometer to obtain a single viscosity value, within the range of 24 — 30
cp (0.024 —0.03 Pas), and this is the inward goods Quality Assurance (QC) test. However,
a single value of viscosity against a rotational speed per minute (RPM) does not depict a
typical flow behaviour of coatings through the roll coating process. Therefore, shear rate
dependent rheology of coatings was carried out to understand the difference in coating
flow between batches, but also establish the mechanism by which PMD is manifested.

And finally, mechanical properties (dynamic oscillatory rheometry) and thixotropic
tendencies were investigated. Viscoelastic materials with higher elastic components

usually exhibit thixotropic properties through a transient process such as roll coating



process which subsequently affects the quality of the final product. Therefore, this chapter

aims to investigate the correlation between shear rheology and PMD.

4.2. MATERIALS CHARACTERISATION

4.2.1 SHEAR RATE- DEPENDENT VISCOSITY

Steady-state flow curves were obtained using a Bohlin Geminin HR nano rotational
rheometer, with a cone and plate geometry. The equipment was provided by the Welsh
Coating and Printing Centre (WCPC) at Swansea University. Fig. 4 - 2 below illustrates
a cone and plate rotational geometry, with a 40 mm diameter and 4° angle.

Rotating shaft

Test fluid

Stationary plate

Fig. 4 - 2: Cone and Plate geometry employed in the of steady-state and dynamic flow
rheology

A Bohlin Gemini HR nano rheometer operates within a torque range of 10mNm to
200mNm when operating under steady-state mode. However, if the system operates in a
controlled stress and strain oscillation rheometry, the torque range is between 3mNm to
200mNm. The rheometer has various temperature control systems such as fluid circulator
(temperature range between 40 - 250°C) and a Peltier plate device (temperature range

between -30°C to 200°C)

In the investigation of shear rate dependent viscosity, a coating sample was placed
between a stationary and a truncated (cone) plate. The sample was sheared in a shear
stress range of 10 — 990 Pa at 20 °C temperature. The cone geometry had dimensions of

40 mm diameter and 4°. A pre-shearing regime of 0.001 s* for 5 seconds was applied to
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ensure uniform starting conditions of the experiment within the coating sample. To avoid
particles migration due to centrifugal forces, from affecting the accuracy of the collected

data, experiments were conducted below a shear rate of 1200 s™.
4.2.2 THIXOTROPY

According to Pearson [118], thixotropy is a viscosity determined by the history of the
rate-of-strain when complex fluids are subjected to non-constant shear rate. However,
thixotropy could also be defined as a time-dependent property where a shear-thinning
material exhibits less viscosity when subjected to constant stress value, over a period
time. Time dependence property is beneficial in operating units within the roll coating
process such as the storage units and levelling process to correct surface defects.
However, the property has been reported by Olivier et al [55] to be a nuisance in a

transient roll coating process.
4.2.2.1 THIXOTROPIC HYSTERESIS LOOP ANALYSIS

Thixotropic hysteresis loop analysis was conducted using a cone and plate geometry in
fig. 4 - 2, with a 40 mm diameter and 4° angles. A sample was sheared in the range of
shear stress of 0.01 — 990 Pa, and the data was presented as shear rate vs shear rate.
Erroneous data was observed at high shear stress/ shear rate. The onset of erroneous data
was monitored and data that exhibited this trend was credited to the destruction of the

internal structure, and therefore not considered during analysis.

It is worth noting that the coating sample, before the elevated shearing forces, was

subjected to a pre-conditioning step of shear rate value of 0.01 s for 5 seconds.
4.2.2 DYNAMIC OSCILLATORY RHEOMETRY

Further rheological characterization of coating samples was conducted using dynamic
oscillatory rheometry to study mechanical properties such as the elastic or viscous
response of the material to the applied strain. Information about mechanical properties

provides information on the intrinsic structure of coatings.

Dynamic oscillatory rheometry, that is to say; amplitude strain-controlled and frequency
sweep, were conducted using a Bohlin Gemini HR Rotonetic drive 2 rheometer with a
cone and plate geometry of dimensions 40 mm diameter and 4°, schematically fig. 4 — 2,
at 20°C.
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4.2.2.1 DYNAMIC AMPLITUDE STRAIN SWEEP
Prior to conducting a frequency sweep, a dynamic strain amplitude sweep was conducted
to determine the linear viscoelastic region (LVR) for both coating samples and

subsequently determining the critical strain value, ..

Amplitude sweeps were conducted at constant temperatures of about 20° C, at an angular
frequency of 1 Hz, and a stress range from 0.01 to 20 Pa using a linear setting. However,
results were reported as Moduli as a function of strain. A delay time of 2 seconds between
points and an integration time of 1 second was employed.

4.2.2.2 DYNAMIC FREQUENCY SWEEP

Upon determination of the LVR zone and thus the critical strain value, a dynamic
frequency sweep was conducted in a frequency range between 0.1 to 15 Hz at 20°C.

4.2.3 APPARENT WALL SLIP (AWS)

AWS was believed to have contributed to PMD due to phase separation of the coating
system. To investigate this phenomenon, gap - size viscosity dependence was conducted
and the shift in steady-state flow curves was monitored.

4.2.3.1 GAP SIZE VISCOSITY DEPENDENCE-

From section 2.5.1 in this chapter, a suitable choice of a parallel plate with a diameter of
40 mm was chosen and employed for further investigation of AWS. The experiment was
conducted in a stress-controlled regime; a shear stress ramp between 10 - 990 Pa at 20 °C
was conducted. The experiment was repeated for gap sizes of 100, 200, 300, 400, 500,600,
700, 800 and 900 um, and the change in viscosity and the apparent shear rate was
investigated to provide insight in AWS. It is noteworthy that a pre-shearing regime of

0.01 s for 5 seconds was employed to allow the same starting conditions.
4.3 RESULTS

Investigation of shear rheology on coating performance is presented in this section, from
steady state flow curves and right through to AWS. This section of the thesis provides

findings and discussions obtained for the shear rheological methods reported herein
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43.2 STEADY STATE FLOW CURVES

Shear rate viscosity dependence of Coating B and Coating S was investigated using
steady-state flow curves. Fig. 4 — 3 compares apparent viscosity of Coating B and Coating
S. There were two regions exhibited on the obtained rheograms; a shear rate dependent
region also known as the power-law region; and shear rate-independent region, also
known as a Newtonian plateau. The non-linear response of viscosity to shear rate
represents a typical non- Newtonian fluid behaviour, specifically, a power-law
pseudoplastic (shear thinning) tendency for both coatings. Shear-thinning behaviour was
attributed to various configurations a polymer chain adopts at different shear rates. At
low shear rates, a coil-like configuration was adopted due to complete alignment of the

polymer chain, and this was seen for both coatings.
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Fig. 4 - 3: Comparison of apparent viscosity against shear rate for Coating B and
Coating S

A coil-like configuration persists until high enough shear rates are applied, hence showing
higher resistance to flow which yields higher viscosity in the power-law region. At high
enough shear rates, a Newtonian plateau was achieved by both coatings due to the
stretched and fully aligned polymer chains. Within the Newtonian plateau, the rate of
recovery and deformation were believed to be approaching equilibrium and the viscosity
within this region was therefore independent of the shear force applied. As a result, a

constant viscosity value was exhibited.
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Shear rate dependent viscosity of Coating B was higher than that of Coating S in the
power law region. Additionally, Coating B showed ~12% zero shear viscosity than

Coating S possibly due to higher pigment concentration in coating B formulation.

Though Coating S showed higher viscosity in the Newtonian plateau, the error bars show
that both coatings are likely to have the same Newtonian viscosity and that the differences

between them could be ascribed to error tolerances of the experiment.

Additionally, erroneous data was observed at high shear rates than lower shear rates. This
was also depicted as long error bars. This erroneousness in the data was likely to have
come from particles migration from the gap separation between rotating and stationary

plates of the rheometer, during experimentation, due to high centrifugal forces.

Given the small differences between the two materials, it is understandable why the
current QC method which measures a single shear rate with a relatively broad band of
tolerance of viscosity (couple with a low sensitivity instrument) is inadequate for
highlighting differences between these materials. Thus, the first practical
recommendation from the investigation is that the current QC methodology is a poor tool

for inwards coating assessment.
4.3.3 THIXOTROPY

Thixotropy is a time-dependent property that can be a nuisance during coating deposition
but beneficial during levelling at the upstream units. Thixotropy was investigated using

the thixotropic hysteresis loop analysis method.
4.3.3.1 THIXOTROPIC HYSTERESIS LOOP ANALYSIS

Fig. 4 — 4 shows a comparison of the thixotropic hysteresis loops of Coating B and
Coating S. The coatings under study portrayed a thixotropic loop depicting that both
coatings are thixotropic. A reverse sweep did not follow the same flow path as the forward

sweep, an indication of thixotropic tendencies.

During the forward sweep, shear forces destroy the primary structure through bond
breakage and cause rearrangement of polymer chains. However, a secondary structure
was formed during the reverse sweep where particles and polymer chains rebuild and
create a weak gel-like structure, thus the reverse sweep does not follow the forward

sweep.
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Fig. 4 - 4: Comparison of thixotropic analysis loop for Coating B and Coating S

A comparison of the degree of thixotropy of both coatings was carried out based on the
magnitude of the area under the thixotropic loop hysteresis. The area of the thixotropic
loop for Coating S and Coating B was calculated at ~ 29 kPas™® and ~ 33 kPas?,

respectively, depicting that coating B is more thixotropic than Coating S.

Interestingly, both coatings exhibited a multiple hysteresis loop response at high shear
rates, and this was credited to microstructural breakdown. The microstructural change as
aresult of break - down was correlated to flow stress build-up. It was suggested that above
the critical shear stress, prior to the initiation of multiphase hysteresis, optimal alignment
of particles and polymer chains was achieved. Above this point, structural breakdown
progressed.

In addition, both coatings exhibited an increase in shear stress when the shear rate
increased up to a critical shear stress value. At critical shear stress of ~ 396 Pa and ~ 388
Pa for Coating S and Coating B, respectively, shear stress gradually decreased although
the shear rate was increased. This phenomenon was, again, observed by Huang and Lu,
[119]. The authors attributed this behaviour to high elastic properties of the material

where shear strengthening occurs in short time transient shearing.

It was deduced that both coatings experience and are affected by flow history differently.

In the preconditioning units, including the storage units, and the entry to the coating head
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(coating trough), Coating B is more thixotropic/ time-dependent than Coating S thus
enabling high quantity of coating to pick up from the coating trough to the downstream
units. However, during the levelling stage Coating S recovers faster than its counterpart,
Coating B.

4.3.4 DYNAMIC OSCILLATORY RHEOMETER

Dynamic oscillatory rheology provides information about the intrinsic structure of the
coatings and therefore the mechanical properties. Mechanical properties dictate fluid
“memory” and ease of deformation of the material either under shear or extensional

forces. The test was conducted in two parts; amplitude and frequency sweep.
4.3.4.1 AMPLITUDE SWEEP

Amplitude sweeps of Coating B and Coating S are presented in fig.4 - 5 and fig. 4 - 6,
respectively.
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Fig. 4 - 5: Amplitude sweep of Coating B showing Elastic and Viscous modulus as a
function of strain
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Fig. 4 - 6: Amplitude sweep of Coating S showing Elastic and Viscous modulus as a
function of strain

Within the strain test range, there were two distinct regions observed in both the viscous
and elastic moduli curves, namely: Small amplitude Oscillatory strain (SAOS) and
Medium Amplitude Oscillatory strain (MAOS).

In the SAOS region, Coating B shows that the elastic modulus curve was higher than the
viscous modulus curve. However, the viscous modulus curve was higher than the elastic
response in the MAOS region, and this was credited to structural break down as the
frequency increased and, therefore deformation increased. Coating S showed a different
response; the viscous modulus was higher than the elastic modulus in both SAOS and
MAOS regions.

Amplitude sweeps of both Coatings showed a decrease in the elastic modulus within the
SAOS region thus presenting a challenge when obtaining the actual critical strain value
for subsequent frequency sweep. This deviated from the expected response and the work
reported in literature findings. In order to understand this anomaly, amplitude sweeps on
a simpler liquid, Porcine based cold rolling oil, was conducted using both a linear and a
logarithmic mode in the rheometer settings. The choice of a porcine — based cold rolling
oil for this investigation was based on the fact the cold rolling is a homogeneous liquid;
therefore, issues of phase separation were unlikely to affect my results. Additionally, the

cold rolling oil is employed in a cold rolling process and shares similarities to roll coating
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processes such as the experience of flow under high shear and extensional forces.
Therefore, rheological analysis of cold rolling oils can be related to the roll coating
process. Fig. 4 - 7 and fig. 4 - 8 show amplitude sweeps obtained during a linear and

logarithmic mode, respectively.
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Fig. 4 - 7: Amplitude sweep of a Porcine — based cold rolling oil conducted in a linear
mode setting.
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Fig. 4 - 8: Amplitude sweep of a Porcine — based cold rolling oil conducted in a
logarithmic mode setting.
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The amplitude sweep conducted in a linear mode setting showed a decrease in the elastic
modulus curve within the SAQOS region and, therefore bears resemblance to the response
of Coating B and Coating S amplitude sweeps. Moreover, the amplitude sweep conducted
in the logarithmic mode exhibited a linear response in the SAOS region, revealing a

visible LVR region.

This inferred that the reduction of the elastic modulus in the SAQOS region seen in the
amplitude sweep of Coating B and Coating S was due to experimental artefact as opposed
to a material response. Therefore, a strain value of 0.1 was employed for both coatings in
subsequent experiments as this strain value was believed to be positioned within the LVR

region and therefore possible to conduct a frequency sweep in the SAOS region.
4.3.4.2 FREQUENCY SWEEP

The strain value of 0.1 was therefore enough to prompt material response without
breaking down the intrinsic structure of the material. Fig. 4 - 9 and Fig. 4 - 10 show
frequency dependence of both elastic and viscous modulus for Coating B and Coating S,
respectively. Firstly, both coatings showed that the viscous modulus was higher than the
elastic modulus that behaved more liquid-like than solid-like. As frequency increased,

erroneous data at frequency values > 15 Hz.
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Fig. 4 - 9: Frequency sweep of Complex viscosity (Secondary axis- Pas), Elastic and
Viscous modulus for Coating B (Primary axis — Pa)
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Fig. 4 - 10: Frequency sweep of Complex viscosity (Secondary axis- Pas), Elastic and
Viscous modulus for Coating S (Primary axis — Pa)

The presence of erroneous data was credited to material deformation as deformation rate
increased, and therefore proved a challenge to obtain a gel point of the coatings. It was
also seen that increasing frequency increased both elastic and viscous modulus. This was
credited to the recovery of material structure when reduced time (longer frequency) is
applied the tested sample and enables the recovery of the gel-like properties. However,
complex viscosity for both coatings decreased non - linearly and obeyed and power-law

model due to increased deformation rate.

A comparison of elastic modulus for Coating B and Coating S in Fig. 4 - 11 showed that
Coating B has higher solid-like properties than Coating S. Though negligible differences
between coatings were seen through TGA-DTG studies, in chapter three, claims from the
paint formulators that there was more Barium diboron tetraoxides in Coating B than
Coating S which could rheologically have modified Coating B. A strong dependence of
elastic modulus on frequency for both coatings reflected a weak (physical) gel-like

structure for both coatings.
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Fig. 4 - 11: Comparison of elastic modulus during the Frequency sweep for coating B
and Coating S

Interestingly, viscous modulus curves in fig. 4 - 12 for Coating B and Coating S

overlapped denoting a similarity in liquid-like properties for Coating S and Coating B.
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Fig. 4 - 12: Comparison of viscous modulus during the Frequency sweep for coating B
and Coating S

Because Coating B showed both higher viscous and elastic modulus than Coating S, it

was required to determine the ratio of viscous modulus to the elastic modulus also known
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as phase angle for clarity that Coating B has higher solid-like properties than the
counterpart, Coating S.

The phase angle in fig. 4 — 13, showed that Coating B had lower phase angle than Coating
S throughout the test range inferring higher solid-like properties for Coating B. These
findings were parallel and complementary to those obtained in fig. 4 -12.
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Fig. 4 - 13: Phase angle against Frequency sweep for coating B and Coating S

4.4 APPARENT WALL SLIP (AWS)

Positive and Negative AWS characteristics are known to affect fluid flow through
channels, which often manifests itself during rheological characterisation. The presence
of AWS is detected through systematic shifts between flow curves when variations of gap
sizes between plates are adopted. Investigation of AWS was conducted through observing

apparent viscosity/ shear rate- dependence on gap-size as discussed in chapter two.
4.4.1. APPARENT SHEAR RATE AGAINST SHEAR STRESS

Fig. 4 -14 and 4 - 15 represents steady-state flow curves obtained with a parallel plate
geometry at gap sizes of 100 to 900 um and, a cone and plate geometry. The curves
showed a systematic shift when gap sizes varied. The shift in flow-curves was also
observed when a parallel plate was switched to a cone and plate geometry. This inferred
the presence of AWS.
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Fig. 4 - 14: Apparent shear rate against shear stress for Coating B
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Fig. 4 - 15: Apparent shear rate against shear stress Coating S

Additionally, the flow curves at large gap sizes of a parallel plate geometry almost
overlapped with that of the cone and plate geometry. It was further noticed that the
obtained data of the apparent shear rate increased as the gap size increased, and this
signified a reduction in viscosity when large gap sizes were adopted. However, Davies

G.A and Stokes. J.R [73] findings on apparent wall slip using 0.15wt. % Carbogol
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(microgel) showed a decrease of apparent shear rate with increased gap sizes, which was

contrary to what was observed in this study on commercial coatings.

Penkavova et al [120] found aqueous kaolin suspensions to manifest both high flow
curves of small gap size at low shear stress, and high flow curves of large gap sizes at
high shear stress using cone-cone (KK) sensors. The authors suggested that when the flow
curve of large gap sizes is higher than small gap sizes, there exists negative AWS and
therefore development of a stagnant layer of the moving geometry. Similarly, when the
flow curves of small gaps sizes are higher than large gap sizes, there exists positive
apparent wall slip and hence the development of a slippery layer adjacent to moving

geometry.

A linear relationship between apparent shear rate and shear stress (Newtonian behaviour)
was seen for a gap size range of 100 - 500 um. Above 500 pm, a non- Newtonian response
was seen. This was attributed to large deformation rates experienced at small gap sizes
and therefore the test sample reaches a Newtonian plateau faster at small gap sizes than
at large gap sizes. It is worth noting that at gap sizes above 500 um and the cone and plate
geometry, the rheometer ceased rotation. A Bohlin Gemini HR nano rheometer operates
within a torque range between 10nNm to 200mNm for a controlled stress and shear rate
viscometer [121]. Therefore, failure of the rheometer to operate at high shear stress was
credited to the fact that high torque/ shear rates were experienced at large gap sizes outside
the limitations mentioned within of the Bohlin Geminini HR nano rheometer manual
guide. Therefore, at high shear stress values where it proved a challenge to obtain results,
an extrapolation was conducted to obtain missing information. This extrapolation was
based on a power-law model where prior knowledge of flow index and consistency at

every gap size was utilised.
4.42 APPLICATION OF THE MOONEY ANALYSIS METHOD

Having established that both coatings experienced AWS due to the systematic shift of the
flow curves, the Mooney analysis was employed to quantify AWS characteristics such as
slip velocity. However, the Mooney analysis was developed based on many assumptions,
and some of them include: homogeneity of a material, isotropic conditions, the material
is elastic and incompressible, amongst others. In the updated version of his theory,
Mooney further assumed that Hooke’s law is obeyed in simple shear (i.e. shear stress is

proportional to shear strain). However, the coating samples under study are multiphase
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complex systems with non - Newtonian behaviour which deviates from the Mooney
analysis. Due to limited correlations that can be employed to model non - Newtonian and
multiphase systems using a parallel plate, research work was conducted using the Mooney
analysis.

Additionally, an assumption that the shear stress is constant throughout the gap sizes
was made; however, the resultant apparent shear rate was not constant [61] The Mooney
analysis further states that the total flowrate within the gap size is a summation of slip
flow and bulk flow. Therefore, the Mooney analysis was re-arranged in the form of a
linear regression fit, see Eqn. (4 —1).

Y =Mx+C 4-1)

Where Y is a representative of apparent shear rate (measured shear rate), M is the gradient
and a representative of slip velocity; X represents inverse gap -size and C is the intercept

and a representative of the bulk shear rate.

Fig. 4 - 16 and Fig. 4 - 17 show the application of the Mooney analysis to the obtained
data, for 109 — 510 Pa. A negative trend in apparent shear rate vs inverse gap size curve
was credited to a negative slip velocity which indicates negative AWS or wall stick

behaviour.

The Mooney analysis method was applied to all other shear stress values, but for
illustration purposes, graphs of shear stress range of 109 — 510 Pa are presented. Two
primary observations can be drawn from the attempt to model the behaviour of the
coatings using the Mooney analysis.

Firstly, in all instances, the materials’ behaviour deviates significantly from that predicted
by the simple Mooney analysis, in that a linear relationship between the apparent shear

rate and the inverse gap is a poor descriptor of the behaviour observed.
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Fig. 4 - 16: Application of the Mooney analysis for Coating B
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Fig. 4 - 17: Application of the Mooney analysis for Coating S

Secondly, it was seen that the Mooney analysis was more accurate at lower shear stresses
and less accurate at high shear stresses. Notwithstanding, these misgivings was it believed
that the model was most suitable for describing the flow in the coating trough. This
statement is parallel to the findings presented in Fig. 4 -18, where R? values were lower

than unity at all shear stress test ranges.
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Fig. 4 - 18: Accuracy of Money correlation for Coating B and Coating S

AWS boundary condition employs slip velocity to quantify fluid-wall interactions for
local shear stresses. Fig. 4 - 19 compares slip velocity of Coating B and Coating S as a

function of shear stress.
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Fig. 4 - 19: Slip velocity against shear stress for both Coating B and Coating S

A slip velocity decreased non-linearly as shear stress increased. The concept of negative

slip velocity seems nonsensical and thermodynamically ambiguous; however, a negative

105



and positive slip velocity is employed in rheology to describe the formation of a stagnant
and a lubricating layer, respectively, near the wall. Slip velocity curves of Coating B and
S overlapped at low shear stresses, depicting negligible slip contribution up to a critical
shear stress of ~200 Pa.

Above the critical shear stress, an increase in slip velocity in a negative direction was
observed. Negative AWS was credited to phase separation where a higher density layer

adjacent to the moving plate creates a thick solid layer/ a sticky layer.

The particles - depleted layer, which is mainly solvent filled, migrates from the solid
surfaces to the bulk. Rides [122] reports in the paper titled “Rheological characterisation
of filled materials” that negative AWS is more pronounced at low flowrates due to
insufficient stress to cause disentanglement of fibres/ fillers resulting in plug-like flow
behaviour. The author’s findings are contrary to the observed results in fig.4 — 20 because
a higher magnitude of slip behaviour was more pronounced at high shear stresses than

low shear stress.
4.4.3 SLIPLENGTH AGAINST SHEAR STRESS

Further characterisation of slip was conducted via slip length. Mathematically, slip length
in egn. (4 - 4), is the ratio of slip coefficient represented in egn. (4 — 3) to fluidity

coefficient represented in eqgn. (4 - 2).

_ Voulk (4-2)
R

_ Vs (4-3)
X= %

_X (4-4)
d 2

Whereg, x, B is the fluidity coefficient, slip coefficient and slip length (um), respectively.

Fig. 4 — 20 compares slip length curves of Coating B and Coating S. Besides, slip length
dependence on shear stress was strongest at medium shear stress values, especially for

Coating B.
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Fig. 4 - 20: Slip length (Primary axis) and Rate of decrease of slip length (secondary
axis) with shear stress.

Upon success deformation and rupture of the coating system at low medium shear,
particles have a higher affinity to moving surface. Coating B with higher pigment
concentration showed a higher slip length that Coating S. The data scatter at medium
shear stresses was attributed to the Mooney analysis break down; however, a recovery of

the model was shear stresses increased.

Above 750 Pa, slip length curves completely overlapped and this was credited to the
depleted particles from the bulk and the saturated attachment sites on the moving

geometry. The rate of change of slip length plateaued.
444 RELATIVE SLIP CONTRIBUTION (A) AGAINST SLIDING SPEED

Apparent wall slip contribution to the total flow was determined using Eqn. (4 - 5) below,
and the sliding speed was determined using Eqn. (4 — 6). It is noteworthy that slip
contribution closer to zero signified a flow with negligible contribution from AWS, and

large relative slip contribution described a flow with a high contribution by AWS.

A= ()'/meas - )./bulk> (4 - 5)
}./bulk
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V = VYmeas * H (4'6)

Where V is the sliding speed/ geometry speed (m/min), A is the relative slip contribution,
Vmeas 1S the measured shear rate (1/), ¥k 1S the bulk flow, and H is the gap separation
(um). It is noteworthy that sliding speed in this context is used synonymously with

moving plate speed.

It was possible to achieve very high sliding speeds at large gap sizes than small gap sizes
although all gap sizes operated under the same shear stress. At large gap sizes, rotating
geometries experienced less resistance to rotation due to negligible constriction effects
that could otherwise reduce rotational speeds of the parallel plate geometry. This was
reflected in the results obtained in fig. 4 — 21 and fig. 4 -22 where high sliding speeds
were achieved at large separation gaps. Therefore, it was possible to determine the relative
slip contribution at very high sliding speeds at large separation gaps but not possible at

small separation gaps.
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Fig. 4 - 21: Relative slip contribution against sliding speed for Coating B
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Fig. 4 - 22: Relative slip contribution against sliding speed for Coating S

There was three observation found in relative slip contribution results: firstly, absolute
relative slip contribution decreased with increasing separation gap due to reduced
constriction effect (Jamming phenomena) which were believed to contribute to the
intermittent flow. At 700um, a local maximum point at 165 m/min and 135 m/min for
Coating B and Coatings, respectively was seen. This is a representative of a clog fragility
point, where the flow constriction effects are overcome by application of high enough

speed.

Secondly, absolute relative slip contribution increased with increasing sliding speeds, but
this decreased at the clog fragility point, possibly due to high deformation rates that

promoted structural breakdown.

Thirdly, absolute relative slip contribution was found to be more than unity for all gap

sizes except for 800 and 900um.

These results were seen for negative relative slip contribution, depicting a thicker stagnant
anomalous layer than the gap size, which is nonsensical. The physical response of the
curve gives logical meaning and can be explained; however, absolute relative slip
contribution values higher than 1 are scientifically questionable. The possible reason for

these values would explain the constriction effects which are investigated herein.
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Nevertheless, further comparison of relative slip contribution of Coating S and Coating
B was conducted in fig. 4 - 23, fig. 4 - 24 and fig. 4 — 25 at 100, 500 and 900 um,

respectively.
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Fig. 4 - 23: A comparison of relative slip contribution (A) against sliding speed 100 um
gap for Coating B and Coating S
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Fig. 4 - 24: A comparison of relative slip contribution (A) against sliding speed 500 um
gap for Coating B and Coating S
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Fig. 4 - 25: A comparison of relative slip contribution (A) against sliding speed at 900
um gap size for Coating B and Coating S

The above-mentioned sizes were chosen for comparison because they provide a better
representation of small, medium and large gap sizes. Absolute slip contribution closer to
zero signified a flow with negligible contribution from AWS.

A gap size of 100 and 500 um, the negligible difference in relative slip contribution
(negative relative slip contribution) at low sliding speeds was observed for Coating B and
Coating S. However, at increased sliding speeds Coating S showed higher absolute
relative (negative relative slip contribution) than Coating B depicting a thicker stagnation

layer for Coating S.

At 900um, both coatings showed positive relative slip contribution with the highest
relative slip contribution noticed for Coating B. Positive relative slip contribution

increased with increasing sliding speeds.
4.45 CONSTRICTION EFFECTS ON THE FLOW OF COATING B

Discrepancies observed in absolute relative slip contribution values of more than unity
results in section 4.4.5 further inspired investigation in constriction effects, also known
as jamming phenomena. Therefore, this section seeks to understand the contribution of

jamming phenomena to the total flow. According to Penkavova et al [120], when the
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measured Kinetic flowrate is less than the bulk flow rate it is vital to determine stagnation

ratio. Therefore, the stagnation ratio, N, was determined using Eqn. (4 -7) below;

N = ()}bulk - ymeas) (4 - 7)
Ybulk

Stagnation ratio against sliding speed for Coating B and Coating S is presented in Fig. 4
— 26 and 4 — 27. At first glance, the stagnation ratio increased with increasing sliding
speed for gap sizes of 100 — 700 um. However, the increase was non — linear because
stagnation ratio was independent of sliding speeds at low speeds. This trend was followed
by a steady increase of stagnation ratio to a maximum point at high sliding speeds. It was
likely that at low sliding speeds the flow was mainly liquid-like, but finally transformed
from a liquid-like to a solid at elevated sliding speeds. The development of a solid-like
behaviour was due to imposed unidirectional stress that leads to the development of force
chains between particles hence the development of clogs. As a result, competition of

particles for space in such a constricted space that leads to intermittent flow [123].
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Fig. 4 - 26: Stagnation ration against Shear stress for Coating B at different gap sizes
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Fig. 4 - 27: Stagnation ratio against Shear stress for Coating B at different gap sizes

Stagnation Ratio

Gap sizes of 600, 700 and 800 um exhibited a decrease in stagnation ratio as sliding
speeds further increased. It was believed that the developed solid clogs at the gap sizes
mentioned disintegrated. The sliding speed at which the clogs are broken is called a clog
fragility point. Above the clog fragility point, the flow proceeds with negligible
contribution from constriction effects. Coating flows at gap sizes below 600 um did not
achieve a clog fragility point because the flow regime was limited to the sliding speeds

the gap sizes could achieve under the applied shear stress.

Both coatings displayed negligible stagnation ratio at 800 and 900 um, and this was
credited to the availability of free space within the separation gap to permit ease of flow.
Therefore AWS, at large gap sizes, was linked to material/ electrochemical effects rather

than constriction effect.

Fig. 4 - 28 schematically illustrates flow between large gap sizes and, flow with

constriction effects at small gap sizes.
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Fig. 4 - 28: Schematic of constriction effects during the flow-through plates

Fig. 4 - 29, fig. 4 — 30 and fig. 4 -31 compares stagnation ratio curves of Coating B and
Coating S at gap sizes of 100, 500 and 900 pum, respectively. At 100 um, stagnation ratio
curves of Coating B and Coating S overlapped at low sliding speeds; however, Coating S
showed higher stagnation ratio than Coating B as sliding speeds increased passed 25
m/min mark. The same trend was observed at a gap size of 200 um. It was therefore
deduced that Coating S has higher potential to stagnate than Coating B at high sliding

speeds when flowing in small separation.
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Fig. 4 - 29: A comparison of Stagnation ratio (N) against sliding speed at 100 um gap
size for Coating B and Coating S
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Fig. 4 - 30: A comparison of Stagnation ratio (N) against sliding speed at 500 um gap
size for Coating B and Coating S
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Fig. 4 - 31: A comparison of Stagnation ratio (N) against sliding speed at 900 um gap
size for Coating B and Coating S

A gap size of 900 um, there was negligible stagnation ratio observed and therefore no
contribution of constriction effect to the total flow at large gap size. Based on these
findings, a comparison of anomalous layer thicknesses of Coating B and Coating S was

conducted at 900um gap separation. Additionally, the flow in the coating trough can only
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be simulated using large gaps sizes hence 900um gap size is a good candidate for this

study.

44,6 DETERMINATION OF ANOMALOUS LAYER THICKNESS OF
COATING B AT GAP SIZE OF 900 MICRONS.

Fig. 4 - 32 compares the anomalous layer thickness of Coating B and Coating S at 900
UM gap size. It is worth noting that a positive anomalous layer thickness represents a

negative AWS and therefore a stagnant layer (sticky layer).

m Coating B Coating S
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Fig. 4 - 32: A comparison of Stagnation ratio (N) against sliding speed at 900 um gap
size for Coating B and Coating S
A natural log-log plot of anomalous thicknesses and sliding speeds was utilised to focus
on the pickup roll speeds between 10 — 100m/min as they represent an industrial pick up
roll speed process.

Though constriction effects and negative relative slip contribution were negligible at large
gap sizes for both coatings, fig. 4 — 32 shows the presence of stagnant (sticky) layer. For
both coatings, it was noticed that the anomalous layer thickness was larger than the gap
separation of 900 um. This reflects a breakdown of the Mooney analysis when subjected
to commercial coatings due to additives that might change the chemistry of the coatings.

Therefore, a comparison between coatings was conducted based on relative slip
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contribution as opposed to anomalous layer thicknesses and, any conclusions reached are

more speculative than definite.
4.5 CONCLUSIONS

Numerous shear rheological tests have been conducted therein on Coating B and Coating
S to gain an in-depth understanding of the contribution of shear rheology on PMD.
Steady-state flow curves showed similarities between coatings, and any subtle differences
between coatings were attributed to experimental errors, represented as error bars on the
steady-state flow curves. It was therefore concluded that steady-state flow curves did not

give us an insight into the origin of the PMD.

Coating B showed higher mechanical properties than Coating S, and therefore believed
to award Coating B better ability to form a stable layer of film on the pick - up roll and
substrate once deposited. However, high thixotropic behaviour, as a result, was likely to
contribute to the formation of furrows and ridges (ribbing phenomena) in the coating film,
which was transferred to subsequent units in the downstream end of the process. The

effect of mechanical properties on ribbing is investigated in subsequent chapters.

And finally, AWS investigation provided a qualitative insight into the influence of phase
separation on the onset of PMD based on relative slip contribution and stagnation ratio
(constriction effects). Due to the poor fit of the Mooney analysis method on the
rheological data obtained, subsequent results obtained were considered speculative as
opposed to definitive. Constriction effects were observed to play a part in the
manifestation of negative AWS at small gap sizes. These findings were correlated to flow
through the nip gap. However, the scope of the research work was limited to the pick - up
process, and therefore AWS at 900 um was of interest. Large gaps sizes represented the
flow in the coating trough because when the pick - up roll is immersed in a coating trough,
the distance between the roll surface and the bottom of the trough and / or the sidewalls

of the trough is more than 900um.

At large gap sizes, constriction effects and relative slip contribution were found
negligible. However, the size of the anomalous layer for both coatings was thicker than
the gap size they occupy. This showed discrepancies when employing the Mooney
analysis method. Failure of the Mooney analysis method to accurately predict slip

behaviour was likewise seen by the poor fit of the method to the primary data of coatings,
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especially at high shear stresses. This was an initial indication of the model breakdown
when applied to commercial coatings. Further research on the application of the Mooney

analysis of simpler PVC coatings is conducted herein.

In conclusion, dynamic oscillatory tests have provided an insight into the manifestation
of PMD. Gap size viscosity dependence, in the prediction of AWS, was found
inconclusive in predicting the size of the anomalous layer because the method was
developed on the assumption that doesn’t fit complex fluids such as viscoelastic

behaviour.
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CHAPTER FIVE

ASSESSMENT OF THE “PAINT MISSES” DEFECT - PART 4 EXTENSIONAL
RHEOLOGY

5.1.INTRODUCTION

Shear rheology in chapter five has provided an insight in the rheological differences
between Better coating denoted as Coating B and Standard coating, denoted as Coating
S; from steady sate flow curves right through to apparent wall slip. This chapter aims to
establish differences in extensional rheology of Coating B from Coating S and thus
supporting the third hypothesis. It is worth noting that extensional viscosity in this chapter
and subsequent chapters refers to elongational (uniaxial) viscosity.

High extensional viscosity coupled with high speeds has been reported to produce
undesired effects during the roll coating process. Undesired effects such as
misting[40][41][42], ribbing, paint starvation, amongst others. In this study, we argue that
high extensional viscosity at high pick up roll speeds counteracts PMD. To pick up a high
quantity of coating from the coating trough especially when operating in a fully starved
regime, a degree of extensional viscosity is necessary to allow a delayed film breakup

time of the coating before film split.

Having found Coating B to possess higher elastic (solid-like) properties than Coating S
from the dynamic oscillatory test, it was hypothesised that Coating B possessed high
extensional viscosity than Coating S. Therefore, Coating B has a delayed film break up
time than Coating S thus material properties enable high quantity of coating to be picked
up from the trough to subsequent units. Fig. 5 - 1 schematically demonstrates the
influence of extensional viscosity and mechanical properties on the quantity of the coating
film picked up from the coating trough by the pick-up roll at Tata steel colors in Shotton.
Scenario 1 shows a delayed break uptime of the coating film due to high extensional and
mechanical properties, hence the high quantity of coating picked up from the coating
trough. Scenario 2 demonstrates a quick film break up time of coating with low

extensional viscosity and mechanical properties.
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PICK UP ROLL

Fig. 5 - 1: Schematic of a pickup roll in the coating trough with high extensional flow
(scenario 1) and low extensional flow (Scenario 2)

5.2.MATERIALS CHARACTERISATION

In addition to shear flow, extensional flow is encountered during the roll coating process
over a short period [124]. Flow properties such as delayed film break-up time and flow
index during extensional flow are believed to influence the onset of PMD. Extensional

flow is therefore inevitable in this process.

A Capillary Break-Up Rheometer (CaBER), an in-house built experimental device at
Swansea University under WCPC (Welsh Coating and Printing Centre) showed in fig. 5
- 2, was employed to study extensional viscosity of the coating samples.

A high-speed camera was employed to record a series of images of the progressive
thinning of filament radius over a period time, at settings of 2000 frames per second. The
experimental device consisted of 3 mm cylindrical diameter plates, a high-speed camera,
computer device to control the separation of the plates, and the Lab view data acquisition
program to record images or video of the progressive filament thinning of the coating

sample.
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Fig. 5 - 2: CaBER employed in the study extensional flow properties of coating samples

The size of cylindrical plates is important as it dictates the influences of gravitational and
surface tension forces on the obtained results. Gravitational forces are required to be
lower than surface tension to avoid sagging effect.

Jurgen [7] studied the effect of cylindrical plate sizes on the gravitational effects using
the Bond number (Bo) on cylindrical plate diameters of 4, 6 and 8 mm. The author
concluded that the Bo number in Egn. (5 -1) decreased with decreasing size of the
cylindrical plate. This was possibly due to the increase in the mass of the test sample due
to increased volume when a larger plate diameter was used. As a result, an increase in
gravitational force is experienced thus increasing the bond number. Therefore, a 3 mm

diameter plate was utilised in the experimental work.

B — Apgrmia(t)? 5-1)
0= T

Where By, is the bond number, Ap is the differential density (kg/m?), 7,,:4(t) is the radius

at a specific time (m) and o is the surface tension (N/m).

A sample of silicone oil sample was placed in the initial gap size of 1.3 mm between the
two cylindrical plates using 1um syringe and 1mm needle to form a cylindrical filament.
Two coaxial plates were separated to a known final distance, Lf, by keeping the bottom
plate stationery and moving the top plate. A series of images were collected and
subsequently analysed to obtain strain rate, film break break-up time, strain and

extensional viscosity of the coating samples.
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5.2.1. EFFECT OF FINAL SEPARATION DISTANCE ON THE EXTENSIONAL
RHEOLOGICAL PROPERTIES
The effect of the final gap size was investigated using silicone oil with 1mPas shear
viscosity, 35mN/m surface tension and the specific gravity of 0.97 (970 kg/m?). A sample
of silicone oil was initially placed in the gap size of Li = 1.3 mm, between the two
cylindrical plates using a pipette or syringe and 1mm needle, to form a cylindrical
filament. Two coaxial plates were separated at a distance, Lf, = 3.4, 3.72 and, 5.2 mm.
Fig. 5 — 3 shows the three separation distances of the cylindrical plates. The experiment

was conducted at a room temperature of 20 °C.

The choice of using silicone oil was because e silicone oil is easier to load in small gap
sizes employed in the CaBER equipment. Silicone oil is also low in viscosity and has a

homogeneous phase, therefore less cumbersome to conduct experimental runs.

h= Ah = 3.72
4= 34mm A o I} Ah= 52 mm

Fig. 5 - 3: Schematic of plate separation at different differential gap sizes. The initial
separation gap of 1.3 mm is included in the total distance.

2.2. DETERMINATION OF EXTENSIONAL VISCOSITY OF COATING
SAMPLES

Upon establishing the effect of gap size on extensional viscosity, experimental work was
conducted on Coating B and Coating S using the same methodology in section 5.2.1. An
initial and final separation distance of 1.3 mm and 5.2 mm, respectively, were employed.

Data analysis was conducted using CaBER analyser tool, developed at WCPC.
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5.3 RESULTS

531 EFFECT OF GAP SIZE DISTANCE ON THE EXTENSIONAL
RHEOLOGICAL PROPERTIES

Effect of gap size (final gap size) on extensional rheology was conducted on three
differential gap sizes, Ah = 2.08, 2.42 and 3.03 mm. Fig. 5 — 4 shows images of
progressive filament thinning of silicone oil over a period, while fig. 5 — 5 compares

progressive filament radius as a function of time for differential gap sizes.

Filament thinning

.........................................................................-...............-..............-.....................................)
Fig. 5 - 4: Progressive filament thinning of Silicone oil
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Fig. 5 - 5: Progressive filament thinning of silicone oil as a function time at different
separation distances
The effect of gap size on coating flow properties — that is to say, flow index and

consistency, were determined from the primary data collected. Silicone oil is a power-
law model therefore; it obeys Eqgn. (5 - 2). Egn. (5 - 3) and (5 - 4). Employing the

equations, rheological flow properties were determined.
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Rinia (1) (5-2)

Ro

=02 (t, — )"
- k(C )

Eqgn. (5 — 3) can be rewritten into Eqgn. (5 - 4) by applying natural logarithm to have the

equation in the form of Y = mx+ ¢

In Rm};‘z © (@ %) +nin(t, — t) ©-3)
_ 2 (5-4)
?= 3

Where R,,;4(t) the mid radius is at a specific time (m), t. is the critical time (S) and

@ is the pre — factor ( -) , n is the flow index (-), K is the consistency (Pas")

Fig. 5 — 6 shows a natural log-log plot of dimensionless radius against differential time,
while Table 5 — 1summaries extensional flow properties of silicone oil obtained at

different gap sizes.
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Fig. 5 - 6: Determination of flow properties of Silicon oil at different gap sizes
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Table 5 - 1: A summary of extensional rheological properties of Silicone oil

AH n K Break up time Ave. ug(Pas)
[mm] [-] [Pas"] [s]

3.4 0.7 0.6 0.53 7.5
3.72 0.7 0.6 0.32 7.0

5.2 0.8 0.04 0.25 6.9

The curves exhibited two distinct regions; the first region was credited to the flow
influenced by sagging and bulging, the second region was credited to the flow dictated
by surface tension. Large gap sizes (Ah = 3.03 mm) were tremendously affected by
gravitational forces which lead to sagging and bulging effects. This was reflected in the

size of the first region in comparison to the second region.

Silicone oil showed stronger tension thinning properties at small gap sizes compared to a
large gap size. The strength of a tension thinning material is quantitatively described by
the flow index, n. when n > 1 the material is tension thickening. At n < 1, the material is
tension thinning, while n = 1, the material is known to be a Newtonian fluid. The closer
the n value to 0, the stronger the tension thinning properties, and the vice versa is true for
tension thickening properties. In this context, silicone oil showed weak tension properties

at all gap sizes while critical breakup times varied at all gap size.

Additionally, the critical filament breakup time of silicone oil at gap separations of 3.4,
3.72 and 5.2 mm were determined at 0.25, 0.31and 0.54 seconds, respectively. This
inferred that there is a strong dependence of critical film break up time on gap size. It is
worth noting that the film break - uptime is a function of both material properties and
operating parameters, and therefore cannot be solely attributed to material properties.

However, the difference in the average extensional viscosity due to gap size was found
to be negligible, with acceptable error tolerance + 0.3 Pas. It was therefore deduced that
gap size influences the flow properties of the silicone oil, but the negligible difference on
average extensional viscosity. A high degree of confidence in the CaBER experimental

equipment is therefore guaranteed to test tensile properties on the coating samples.
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For the subsequent investigation of tensile properties on coating samples, a separation
distance of 3.03 mm was employed to enable better loading of coating sample into the

separation gap.

3.2. CABER FILAMENT RADIUS PROFILE AS A FUNCTION OF TIME

A comparison of Caber filament radius profile of Coating S and Coating B was conducted,
and the results are presented in fig. 5 — 7. A faster rate of filament radius reduction with
time was observed for Coating B compared to Coating S. Also, a critical filament breaks

up time was determined at 0.45 and 0.57 seconds for coating S and B, respectively
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Fig. 5 - 7: Progressive filament thinning radius of Coating samples against time.

Flow index of 0.49 and 0.56 for Coating B and Coating S, respectively, were determined
in fig. 5 — 8 when the power-law model was fitted on the primary data. The data scatter
at the low experimental times was credited to the sagging and bulging effect. The flow
properties suggested that Coating B is a stronger tension thinning fluid compared to

Coating S.
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Fig. 5 - 8: Progressive filament thinning radius of Coating samples against time

5.3.2 EXTENSIONAL VISCOSITY AGAINST HENCKY STRAIN

Fig. 5 — 9 compares extensional flow curves of Coating B and Coating S. Coating B not

only showed stronger tension thinning behaviour but also exhibited higher zero and

plastic viscosity compared to Coating S.
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Fig. 5 - 9: Extensional viscosity against strain
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It was therefore believed that higher extensional viscosity leads to a delayed critical film
break up time which aids a high quantity of coating to be picked up from the coating
trough onto the pick-up roll. Coating S with low extensional viscosity and a faster break
up time is limited to the quantity of coating picked up from the coating trough by the
pick-up roll

5.4 CONCLUSION

The measurement of shear and extensional behaviour of the coatings have highlighted
that small deviations in the initial formulation and manufacturing can be measured using
rheological techniques and these can be used to identify a material which is liable to suffer
PMD. Rheological techniques can more clearly identify deviations from ideal behaviour
than chemical and wetting techniques and also provide evidence for the principle

mechanisms of process failure.

The current QC method is inadequate for the measurement of incoming coatings as it is
insensitive to the small changes in coating characteristics, which dictate performance.
Therefore, an improved QC method that can identify differences in batches before coating
deposition is given herein. PVC coatings that meet the criteria of rheological properties
below should be deemed appropriate for the roll coating process during the manufacturing

of PVC plastisol pre-coated steels for architectural steels.

Ideally, during steady-state viscosity measurements coatings should be characterized
using controlled stress employing a small sample cone and plate/parallel plate rheometer.

Under dynamic oscillatory rheometry, phase angle values in the frequency range of 0.1
to 20 Hz, conducted within the LVR, should lie in the range of 55 — 70°. Additionally,
Coating B and Coating S showed an overlap of viscous modulus but the difference in
elastic modulus curve was seen. Therefore, the elastic modulus is more influential than
the viscous modulus. This is because materials with high solid-like behaviour are more

versatile in a high-speed roll coating process.

And finally, extensional/ elongational viscosity with flow index equal to or less than 0.5,
accompanied by plastic viscosity of ~ 7 Pas is enough to control the critical filament break

up time at a given pick up roll speeds.

To test the validity of the QC system developed in this chapter, an initial test procedure

is given in chapter six for another set of PVVC coatings.
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CHAPTER SIX

ASSESSMENT OF THE “PAINT MISSES” DEFECT - PART 6 METHOD VALIDATION
6.1 INTRODUCTION

Considering characterisation work conducted on Plasticeram black coatings, a blind test
was conducted on two coating samples. The aim was to test the hypothesis that the
rheological methodologies developed in previous chapters could be employed to identify
materials which were likely to PMD. Two batches of a grey paint (Plasticeram sun
Merlin), one of which had exhibited PMD on the coating line but had passed the QC
system were tested. In this instance, the sample which had experienced the operational
defect was not known at the outset. A successful outcome would be the identification of
sample which had exhibited PMD, purely from characterization.

6.2 METHODOLOGY

The methodology of the experimental work conducted in this chapter was identical to that
detailed in Chapter three to chapter five. However, contact angle and surface energy
measurements were excluded from the list of characterization techniques because
negligible differences in wettability were observed. Additionally, FT - IR analysis was
also excluded from the list of experiments conducted. The samples were labelled Coating
X and Coating Y and each was put through the same rigorous testing.

6.3 RESULTS AND DISCUSSIONS

6.3.1 MICROSTRUCTURAL ANALYSIS AND ELEMENTAL ANALYSIS

In this section of chapter six, microstructure and elemental analysis were studied on
Coating X and Coating Y. Particle size and distribution contributions did not also appear
to be significantly different, represented in Fig. 6 — 1, and the elemental analysis in Fig.
6 — 2 did not indicate any detectable differences in chemical constituents.
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(@) Coating X (b) Coating Y

Fig. 6 - 1: Micrograph of Coating (a) X and (b) Y showing particle size and distribution
at 1 um scale and 8.42K resolution.
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Fig. 6 - 2: Elemental analysis of Coating (a) X and (b) Y
6.3.2 THERMAL GRAVIMETRIC ANALYSIS

Coating X and Coating Y were thermally analysed using TGA — DTG. Fig. 6 — 3
compares thermograms of Coating X and Coating Y. The mass loss stages observed for
Plasticeram Black coating samples in chapter three-show similarities with mass loss
stages for Coating B and Coating S. Therefore, in-depth analysis of thermal degradation

of Coating B and Coating S was employed for Coating X and Coating Y.

The comparison of TGA-DTG thermographs showed negligible differences in
compositions of the coatings understudy, though the subtle difference in the first mass
loss stage within a temperature range of 236 — 263 °C was observed. The first mass loss
stage was ascribed to the loss of the solvent mix of BDA and Petrosol. The flashpoint of
BDA and Petrosol is 94 and 116 °C, respectively. Therefore, Coating X showed ~ 2%
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more Petrosol than Coating Y. Otherwise, there was a negligible difference seen under

thermal analysis. Table 6 - 1 and Table 6 -2 summarise the composition analysis and

thermal properties, respectively.
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Fig. 6 - 3: Comparison of thermal degradation (primary axis) and rate of degradation
(secondary axis) as a function of temperature for Sample X and Y

Table 6 - 1: Summary of TGA results

Coating X Coating Y
Temperature Mass (%)  Temperature = Mass (%)
range (°C) range (°C)
Solvent (First Peak) 28 - 237 ~10 28 — 245 ~11
(De - chlorination) 237 - 300 ~59 245 - 300 ~58
Second peak
(Decomposition of 300 - 552 ~19 300- 552 ~16
Polyene) (Third Peak)
Final residual Mass 552 - 600 ~19 552-600 ~19
(Char, Pigment and
fillers)
Table 6 - 2: Thermal properties obtained from (TGA- DTG) results
Coating X Coating Y
Initial decomposition Temperature ~28°C ~50°C
(IDT)
Dy, (50% mass decomposition) ~276°C ~276°C
temperature
Maximum rate of decomposition ~267°C ~267°C

temperature (MRDT)
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6.3.3 SHEAR RATE DEPENDENT VISCOSITY

A comparison of steady-state viscosity flow curves of Coating X and Y is carried in fig.
6 — 4. Coating X and Y are non — Newtonian shear-thinning fluids with both a power law
and Newtonian plateau. However, Coating X presented a higher zero shear viscosity and

a plastic viscosity than Coating Y at the Newtonian plateau.
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Fig. 6 - 4: A comparison of the steady-state viscosity flow curves of Coating X and
Coating Y

6.3.5 DYNAMIC OSCILLATORY RHEOMETRY
6.3.5.1 DYNAMIC AMPLITUDE SWEEP

Fig. 6 — 5 and fig. 6 — 6 show amplitude sweeps of Coating X and Coating Y,
respectively, conducted at a frequency value of 1 Hz in strain range of 0.01 to 20.
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Fig. 6 - 5: Amplitude sweep for Coating X
—o—Elastic Modulus Pa 10—0l-Viscous Modulus Pa
<
o
E
©
o
>
0.001 100

0.1

Strain

Fig. 6 - 6: Amplitude sweep for Coating Y

6.3.5.2 DYNAMIC FREQUENCY SWEEP

A strain value of 0.7 and 0.4 for Coating X and Coating Y respectively were employed
for in frequency sweeps. The strain values mentioned above lay within the LVR region

and therefore suitable for characterising materials within the SAOS region. Fig. 6 - 7 and
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6 - 8 show frequency dependence of both elastic and viscous modulus for Coating X and

Coating Y, respectively.
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Fig. 6 - 7: Frequency sweep for Coating X at strain value of 0.7
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Fig. 6 - 8: Frequency sweep for Coating Y at strain value of 0.4

Two observations found from the frequency sweeps of Coating X and Coating Y. Firstly,
both the elastic and viscous moduli increased with increasing frequency denoting an
increase in solid-like and liquid-like behaviour when the time was reduced during the

deformation of the material. Secondly, viscous moduli were higher than the elastic moduli
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on both coatings. This signified that both coatings behave more liquid-like than solid-like
and therefore they are viscoelastic liquids throughout the frequency test range. And
finally, the complex viscosity decreased with increased frequency due to the non-
Newtonian behaviour of coating materials when the deformation rate increased.

A comparison of elastic and viscous moduli and complex fluids, for Coating X and
Coating Y are presented in fig.6 —9, 6 — 10 and 6 — 11, respectively.
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Fig. 6 - 9: Comparison of elastic moduli for Coating X and Coating Y
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Fig. 6 - 10: Comparison of Viscous moduli for Coating X and Coating Y
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Fig. 6 - 11: Comparison of complex viscosity for Coating X and Coating Y

The elastic and viscous moduli of Coating X were noticeably higher than Coating Y,
depicting higher solid-like and liquid-like behaviour of Coating X. Similarly, complex
viscosity was higher for Coating X than Coating Y despite the results obtained from the
composition and elemental analysis for both coatings that inferred the same elements and

composition within the coating systems.
6.3.6. APPARENT WALL SLIP INVESTIGATION

6.3.6.1. APPARENT SHEAR RATE AGAINST SHEAR STRESS

It has been shown that shear and viscoelastic behaviour of the two blind samples are
appreciably different, although both were able to pass the current QC system. Previously,
in chapter four, it was postulated that the mechanism by which PMD occurred could be
attributed to AWS near the rotating roll in the coating trough. To investigate whether such
differences could also be seen in the blind sample, these were put through the same

characterization process.

Fig. 6 - 12 and 6 — 13 show gap size apparent shear rate dependence of Coating X and
Coating Y from 100 to 900 um. The apparent shear rate increased with increasing shear
stress linearly at small gap sizes. However, a non- linear relationship between apparent
shear rate and shear stress was observed at large gap sizes; apparent shear stress increased

nonlinearly with increased shear rate.
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Also, the apparent shear rate increased with increasing separation gap and, therefore
viscosity decreased with increasing gap size for both coatings. This depicted the presence
of AWS in the coating flows. At 610 - 1000 Pa, Coating X exhibited a noticeable shift in
flow curves. This indicated the presence of AWS in Coating X than Coating Y.
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Fig. 6 - 12: Apparent shear rate against shear stress for Coating X
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Fig. 6 - 13: Apparent shear rate against shear stress for Coating Y

AWS characteristics were determined using the Mooney method as that employed for
Plasticeram Black coatings. Fig. 6 — 14 and Fig. 6 — 15 show apparent shear rate against
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inverse gap for Coating X and Coating Y, respectively. And fig. 6 — 16 compares the

accuracy of the Mooney method on the primary data obtained for both coatings.
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Fig. 6 - 14: Apparent shear rate against inverse gap between from 109 — 510 Pa for
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Fig. 6 - 15: Apparent shear rate against inverse gap between from 109 — 510 Pa for
Coating Y
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Fig. 6 - 16: Accuracy of Money correlation for Sample X and Y

The results show the out outcome of the limitations of the model and do not reflect the
quality of the measurements. The predictions made by the Mooney analysis were poor
and its relevance decreased with increasing shear stress. Notwithstanding the reservations
made by the model, it was possible to calculate relative slip contribution to illustrate that
each coating exhibits AWS behaviour differently. Large gap sizes represent the flow in
the coating trough thus the flow at 900 um gap size was chosen to represent the flow in
the coating trough. Fig. 6 — 17 presents relative slip contribution of coatings at 900 um
gap size at sliding speeds between 1 to 1000 m/min.

It was seen that relative slip contribution was positive, depicting the formation of a
lubricating layer throughout the sliding speed test range. However, relative slip
contribution was ~ 0.2 and 0.1 for Coating X and Coating Y, respectively at 70 and 90

m/min. However, Coating X showed higher relative slip contribution than Coating Y.
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Fig. 6 - 17: Relative slip contribution against sliding speed against shear stress for both
Coating X and Coating Y

6.3.7. EXTENSIONAL VISCOSITY

The rheological differences between the coatings were also observed in their extensional
properties. Fig. 6 - 19 compares extensional viscosity of Coating X and Y. Coating X
exhibited stronger tension thinning properties and higher extensional viscosity than
Coating Y. The consequence of high extensional viscosity is the delayed film break up
time which is beneficial during the pick-up process in the coating trough. From the
rheological tests conducted above, ranging from steady-state flow curve, oscillatory
rheology, AWS contribution and extensional viscosity, Coating X has exhibited similar
behaviour to Coating B in chapter three to chapter five. It was therefore believed that
Coating X was more versatile at a high-speed coating line that Coating Y to strong shear

thinning and high viscosity; stronger gel system based on high solid-like behaviour.
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Fig.6 - 18: Extensional viscosity against strain rate
6.3.8. ANALYSIS AND VALIDATION

Having carried out a full characterization on the Plasticeram sun Merlin grey, the results
were analysed to validate the hypothesis that it is possible to identify coatings which
would have a greater tendency to exhibit PMD. A simplistic of analysis of those properties
are identified in the known Plasticeram black coatings can be used to identify those
measurable characteristics which are beneficial to operate at higher speeds. This baseline
known knowledge was used to examine the behaviour of Plasticeram sun Merlin under a
blind test.

From this simplistic analysis, the coating which suffered from PMD was deemed to be
Coating Y, since it exhibited many rheological characteristics which were in common
with the standard (S) black coating. Similarly, the grey Coating X performance most
resembled that of the better coating, Coating B, in the pair of Plasticeram Black. The
validity of methodology is clear in Fig 6 — 19 to fig. 6 - 21, which compares three key

characteristics of the materials.

The three material characteristics are based on dynamic oscillatory rheometry, relative
slip contribution, right through to extensional viscosity. All four commercial coating
materials when subjected to the characterization methods which best identified coatings

which could be prone to PMD
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Fig. 6 - 19: Compares elastic moduli of Coating S, B, X and S with Coating S at the
datum point. Insert: Elastic moduli in frequency range of 5 to 25 Hz
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Fig. 6 - 20: Compares relative slip contribution of Coating S, B, X, Y and S with
Coating S at the datum point
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Fig. 6 - 21: Compares extensional viscosity of Coating S, B, X, Y and S with Coating S
at the datum point

A comparison of elastic modulus shows higher solid-like properties for Plasticeram Black
coatings than Plasticeram grey sun Merlin coatings at low frequencies. However; at
elevated frequencies, Coating X and Coating B showed higher solid-like behaviour. Note:
the graph is a log-log plot, therefore values at low frequencies are exaggerated. It can,
therefore, be deduced that Coating B and Coating X exhibit higher solid-like properties
than Coating S and Coating Y, as was expected. Data scatter was seen for all coatings at
15 Hz and above. Possibly a lower strain value with the LVR region could eradicate this
behaviour. A comparison of relative slip contribution of commercial coatings was also
conducted at a gap size of 900 um as a representative of coating flow in the coating
trough. Considering sliding speeds of 70 and 90 m/min, Coating B and Coating X showed
higher slipping tendencies than Coating S and Coating Y. This contradicted with what

was expected because the formation of a lubricating layer will lead to PMD.

Extensional viscosity flow curves showed higher values for Coating X and Coating B
than Coating S and Coating Y, with Coating Y showing the lowest value of extensional

Viscosity.
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6.3. CONCLUSIONS

A suite of characterization tests has been carried out to test the hypothesis that it is
possible to identify materials which exhibit PMD utilising rheological test methods. It has
been proven that materials with a high level of extensional viscosity, shear viscosity and
elasticity are more versatile in a high-speed roll coating process. The properties
mentioned are believed to award a higher quantity of coating pick up from the trough due

to high extensional viscosity and viscoelasticity.

A comparison of elastic moduli shows higher solid-like properties for Coating B than
Coating X. At high frequencies, Coating X and Coating B showed the highest elastic
moduli. Therefore, an elastic modulus as part of the QC system should be operated at

high-frequency value, and a lower strain value to avoid data scatter.

There are discrepancies noticed when employing the Mooney analysis to predict AWS
characteristics. The low values of R?show limitations of the model. However, the model
shows prospects to characterise coating flow when extra terms have been included such
as elasticity, surface tension and surface energy. Therefore, the Mooney analysis is tested
in subsequent chapters on model fluids to test the model limitations when less coating

additives are employed within the coating system.

Distinct differences are seen when employing extensional viscosity against strain rate.
Therefore, extensional viscosity is the most important test out of the QC system because

it draws visible differences between coatings.
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CHAPTER SEVEN

EFFECT OF PIGMENT CONCENTRATION ON RHEOLOGICAL
PROPERTIES OF PVC- CLEAR BASE

7.1. INTRODUCTION

Having established that there exists a relationship between commercial coatings (PVC
coatings) rheology and its performance, further study of PVC systems was carried out to
understand the relationship between the coatings components, rheology and their effect
of mechanism by which PMD occurs. This would give a unique insight into how
characteristics such as positive AWS and extensional rheometry are related to the
constituents within a complex pigmented system. This would also serve to provide a suite
of well characterized model coatings with known constituents which could be used to
examine the fluid dynamics of the roll coating pick up process. This chapter describes the

approach used to meet these aims.
7.2. METHODOLOGY

It was initially hoped that the test formulations could be provided by the industrial
supporter of the work, but commercial formulation sensitivity, the number of additives
used in the formulation and small quantities required made this approach impossible.
Instead, a generic PVC based coating (PVC clear base) was obtained from BASF (the
business has since transferred to AkzoNobel). The constituents of a custom formulation
could then be manipulated in a strategic and controlled manner. Thus, the coatings tested
represent a scientifically controlled set of simulated materials whose performance is

likely to deviate from commercial paint systems.

To this basic PVC clear base, pigment and solvent controlled quantities of materials were
added (Table 7 — 1) and mixed together. To simulate the particle/ liquid interactions,
carbon black pigment was added to PVVC clear base and this was mixed by a Speed mixer
DAC 150.1.FVZ.K in fig.7 — 1 at room temperature for 10 minutes (5 minutes x 2, with
5 minutes interval) at 500 RPM.
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DAC 150.1 FVZ.K

1

Fig. 7 - 1: Image of a Speed mixer DAC150.1 FVZ.K employed during pigmented
model fluids preparations

Table 7 - 1: Pigment additions to the basic PVC clear base coating

PVC clear base concentration [wt. Pigment concentration [wt. %0]

%]

99.3 0.7
99 1

98.3 1.7
98 2

97.3 2.7
97 3

96.48 3.52

To examine the impact of pigment concentration on rheological properties, carbon black
pigment applicable in paint systems, purchased from Sigma- Aldrich, was used as
pigment additives. The choice of carbon black was to create model fluids with properties
like Plasticeram Black coatings employed in chapter four to five. Approximately150 g of
each pigmented model fluids were made, which allowed enough material for testing and
allowed accurate determination of masses, even at low concentrations. All model coatings
were stored in airtight containers in a thermally controlled laboratory. Each material was
subjected to the same comprehensive suite of rheological testing as was described in

chapter four and five.
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7.3.  RESULTS: PIGMENTED MODEL FLUIDS
7.3.1. STEADY STATE FLOW CURVES: PIGMENTED MODEL FLUIDS

Effect of pigment concentration on apparent viscosity was investigated and the results are

shown in fig. 7 - 2.
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Fig. 7 - 2: Apparent viscosity against shear rate for pigmented model fluids of 0.7 — 3.52
wt.% pigment concentration.

All apparent viscosity - shear rate curves of pigmented model fluids showed a non-
Newtonian pseudoplastic behaviour with the strongest shear-thinning tendencies
observed at high pigment concentrations. All pigmented model fluids displayed a power-
law region at low shear rates where the apparent viscosity was shear rate dependent,
followed by a Newtonian region where apparent viscosity was shear rate independent.

At low shear rates, the polymer chains are believed to be in an entanglement state, and
therefore the rate of recovery supersedes the rate of deformation. However, as the shear
rate increases, the rate of recovery equilibrates with the rate of deformation, and

consequently, a Newtonian plateau is exhibited.

Within the power-law region, high pigment concentrations such as 3.52 and 3wt.%
displayed higher apparent viscosity than low pigment concentrations. However, low
pigment concentrated model fluids showed higher apparent viscosity than high pigment
concentrated model fluids at the Newtonian plateau. The strong dependence on the shear
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rate for high pigment concentration was attributed to strong shear thinning behaviour. It
was postulated that the strong tension thinning behaviour was due to strong particle-
particle interactions due to the close packing of pigments and polymers which was
believed to have caused “clogs”. Consequently, high values of apparent shear viscosity at
low shear rates were seen. This was contrary to the apparent shear viscosity at high shear
rates, where the apparent shear viscosity was very low and shear rate independent. The
reduction in viscosity was credited to the destruction of particle-particle interaction and
the alignment of polymer chains.

Zero shear viscosity against pigment concentration was investigated and the results are
presented in Fig. 7 - 3. Zero shear viscosity is vital during the picking up process from

the coating trough because it dictates the quantity of coating picked by the pick-up roll.
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Fig. 7 - 3: Zero shear viscosity against pigment concentration

The higher the zero-shear viscosity, the higher the quantity of coating on the pick roll. It
is worth noting that zero — shear viscosity values were determined at a shear stress of 10

Pa. A strong dependence of zero-shear viscosity on pigment concentration is evident.

In summary, polymer entanglement coupled with particle-particle interactions award high
pigmented model fluids strong tension thinning properties and high zero-shear viscosity,

in comparison to low pigment concentrations.
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7.3.2. OSCILLATORY RHEOLOGY: PIGMENTED MODEL COATINGS
7.3.2.1. AMPLITUDE SWEEP

The effect of pigment concentration on mechanical (viscous and elastic) properties of
model fluids was conducted via oscillatory rheology, which was divided into two parts:
amplitude and frequency sweep. The amplitude sweep was initially conducted to
determine the LR region to enable subsequent frequency sweep studies to be carried out
without structural break down of the pigmented model fluids. Fig.7 - 4 shows elastic

modulus against strain at a frequency of 1 Hz within a strain range of 0.01 to 20.
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Fig. 7 - 4: Elastic modulus against strain sweep for pigmented model fluids of 0.7 — 3.52
wt.% pigment concentration.

It was observed that the elastic modulus increased with pigment concentration throughout
the test range, except for the highest pigment concentration of 3.52 wt. % at strain value
of 4.32 where the data appeared to be erroneous. The data erroneousness was likely to be
material rigidness (almost crystalline) at low strain values, and therefore sudden particle
deformation was felt as “a snap” as opposed to smooth deformation from higher degree

to the next when external forces were applied.

Also, all model fluids were identified as strain- thinning due to the decrease of elastic
modulus at an increased strain. The strain thinning phenomena was due to the deformation
and destruction of the intrinsic structure of the model fluids as external forces were
exerted on the model fluid [125].
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The change in the elastic modulus was observed in three stages. Firstly, a faster rate of
decline was observed at low strains. This was followed by a slow rate of decline in the

modulus. And finally, a gradual decrease in the elastic modulus.

This was contrary to what was expected at low strain values, as a linear region was
expected to appear before the non-linear region. The non-linear response was attributed
to the linear settings in the rheometer, as previously seen in chapter four with Plasticeram

Black coating samples.

A strain value of 0.7 was employed for all pigmented model fluids in subsequent testing
of the frequency sweeps. The effect of pigment concentration on viscous modulus was
also studied and the results are presented in fig. 7 — 5. The 3.52 wt. % pigment
concentration model fluid exhibited the highest viscous modulus while 0.7 and 1 wt. %

pigment concentration showed the least viscous modulus dependence.
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Fig. 7 - 5: Viscous modulus against strain sweep for pigmented model fluids of 0.7 —
3.52 wt.% pigment concentration.

At low pigment concentrations such as 0.7, 1.7 and 2 wt. %, viscous modulus curves
initially showed a linear response, followed by a sudden increase in viscous modulus

between 0.7 — 3 strain values, and finally a gradual decrease.

Wilhelm et al [126]conducted an in-depth investigation of various non-linear viscoelastic
behaviour of complex liquids, and states that there are at least four types of LAOS flow

behaviour, namely;
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(1) Type 1 involves a strain thinning flow behaviour where both storage and viscous
modulus decrease at increased deformation.

(2) Type Il involves strain hardening flow behaviour where both viscous and elastic
moduli increase at increased deformation.

(3) Type Il involves weak strain — overshoot, where the elastic modulus is observed
to decrease whilst viscous modulus slightly increased, followed by the gradual
decrease

(4) Type IV involves strong strain — overshoot, where both elastic and viscous curves
are observed to slightly increase followed by a gradual decrease upon the

application of strain.

From this explanation, pigmented model fluids of 0.7 - 3 wt.% exhibited a weak strain-
overshoot behaviour while 3.5 wt.% revealed a strong overshoot. The presence of both a
weak and strong strain overshoot was due to intermolecular interactions between
polymers and pigments, through covalent bonding and electrostatic interactions, which
yield a weak and extended (backbone) structure in the side chains. Upon application of
an external strain, a complex side-chain structure resists deformation and hence the

moduli finitely increase but is overcome at elevated strain values.

It can, therefore, be deduced that PVC based resin coatings yield a weak strain - overshoot
but increasing pigment concentration leads to strong or hard gel systems and a strong

strain-overshoot.

7.3.2.2. FREQUENCY SWEEP

Elastic and viscous modulus curves of pigment concentrations presented in fig. 7 — 6 and

fig. 7 — 7 respectively increased at an increased frequency.

However, a stronger elastic moduli dependence on the frequency at lower pigment
concentration compared to higher pigment concentration was ascribed to a weak gel
structure of low pigmented model fluids. Also, viscous modulus increased with high
pigment concentrations. Therefore, a phase angle was employed to compare the solid-like
properties of pigmented model fluids because it provides a better understanding of
viscoelastic materials. The phase angle is the ratio of viscous moduli to elastic moduli.
Phase angle less than 45° depicts a viscoelastic liquid where solid-like properties

dominate over liquid-like properties in viscoelastic material. Conversely, phase angle
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values of more than 45° depict a viscoelastic liquid where liquid-like properties dictate

over solid-like properties.
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Fig. 7 - 6: Viscous modulus Frequency sweep for pigmented model fluids of 0.7 — 3.52
wt.% pigment concentration.

A40.7 wt.% Pigment 1 wt.% Pigment * 1.7 wt.% Pigment
® 2 wt.% Pigment + 2.7 wt.% Pigment - 3 wt.% Pigment

¢ 3.52 wt.% Pigment
1000

T
a
= + t
S T
=
Qo ¢ ¢
% ™
w A
A 1
0.1 1 10
Frequency (Hz)

Fig. 7 - 7: Elastic modulus Frequency sweep for pigmented model fluids of 0.7 — 3.52
wt.% pigment concentration.
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Fig. 7 — 8 shows the phase angle as a function of frequency at different pigment

concentration.
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Fig. 7 - 8: Phase angle against frequency for pigmented model fluids of 0.7 — 3.52 wt.%
pigment concentration.

There were two observations found: phase angle curves for all pigment concentrations
were more than 45°, depicting a dominance of viscous modulus over elastic modulus for
all pigment concentration. Secondly, low pigmented model fluids showed a higher phase
angle than high pigmented model fluids denoting stronger gel system for high pigment
concentrations. Effect of pigment concentration on mechanical flow properties is
summarised in Table 7 — 2 (elastic modulus).

G'= K'o" (7-1)
Table 7 - 2: Parameters for elastic modulus as a function of frequency
Pigment Concentration K’ [ Pa] n’ R?
0.7 wt.% 5.75 0.75 0.99
1 wt.% 4.79 0.68 0.97
1.7 wt.% 18.34 0.55 0.97
2.0 wt.% 17.2 0.6 0.97
2.7 wt.% 67.86 0.34 0.91
3.0 wt.% 62.63 0.45 0.96
3.52 wt.% 98.30 0.41 0.95
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The effect of pigment concentration on complex viscosity was investigated and the results
are presented in fig. 7 — 9. Highly pigmented model fluids exhibited higher complex
viscosity, and this was credited to the strong particle-particle interactions brought about
by the close compactness of the pigments within the model fluid system. Upon application
of an external force, a clogged system resists deformation thus exhibiting high complex

viscosity at high pigment concentration and low deformation rates.
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Fig. 7 - 9: Complex viscosity against angular frequency for pigmented model fluids (0.7
— 3.52 wt.%)

Generally, the strength of shear thinning behaviour (pseudoplasticity) increased with high
pigment concentration than at low pigment concertation. The findings were in line with
steady-state flow curve results in section 7.3.1. Additionally, low-frequency viscosity
increased with pigment concentration due to higher solids content. It was concluded that
pigment concentration affects the mechanical properties by creating stronger gel systems.
Solid-like properties increased with increased pigment concentration and therefore

complex viscosity increased.
7.3.3 GAP SIZE DEPENDENT VISCOSITY

Commercial coatings exhibited AWS behaviour; it was decided that the impact of
pigment on the AWS behaviour would establish key physical mechanisms of flow within
the coating system. Therefore, the effect of pigment concentration on AWS was
investigated in this section of the report.
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7.3.3.1. EFFECT OF PIGMENT CONCENTRATION ON CRITICAL
SHEAR STRESS

Fig.7 - 10 shows apparent shear rate flow curves against shear stress for pigment
concentrations of 0.7, 1, 1.7, 2, 2.7, 3 and 3.52 wt. %.
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Fig. 7 - 10: Apparent shear rate against shear stress for pigmented model fluids of 0.7 —
3.52 wt.% pigment concentration.
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AWS was seen through a systematic shift of flow curves at gap sizes of 200, 400, 600,
800 and 1000 um. For all pigmented model fluids, the apparent shear rate increased with
increasing shear stress. At low shear stresses of 10 — 409 Pa, pigment concentrations of 1
to 1.7 wt. % exhibited an overlap of flow curves depicting negligible AWS. This was
observed up to a critical shear stress. And above the critical shear stress, flow curves at
large gap sizes dominated over small gap sizes; flow curves at 1000 um dominated other

gap sizes.

Pigment concentrations above 1.7 wt. % displayed a visible shift in flow curves at all
shear stresses. However, a swap of flow curve governance from a small gap to large gap
size at a critical shear stress was evidenced. Flow curves at 200 pm gap size were higher
than those at lows shear stress values. However, at high shear stresses flow curves at large
gap size of1000 um gap were higher than small gap sizes. The dominance swap occurred

at a critical shear stress for all model fluids tested.

The swap of flow curve dominance by the gap sizes at different shear stresses was an
indication of the presence of more than one type of AWS; a transition from a positive to
anegative AWS. The critical shear stress was a point at which the flow curves transitioned
from one slip regime to another. It was therefore believed that at the critical shear stress,
an absence of both positive and negative AWS was achieved; it was the “safe operating”

point at which phase homogeneity in the fluid was achieved.

Critical shear stress was dependent on both pigment concentrations and gap size. For
example; the critical shear stress at 0.7, 1.7, 2, 2.7, 3 and 3.52 wt. %. Pigment
concentration was determined at ~ 470, 410, 490, 470, 610, 650 and 570 Pa respectively.

7.3.3.2. APPLICATION OF THE MOONEY ANALYSIS

The Mooney analysis was employed to obtain slip characteristics of the pigmented model
fluids. The assumption of the Mooney analysis is explained in chapter four (4.4.2). Fig. 7
—11and Fig. 7 - 12 represent apparent shear rate against inverse gap for 0.7 wt.% pigment

concentration.
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Fig. 7 - 11: Apparent shear rate against inverse gap size for 0.7 wt. % Pigment for 10 to

510 Pa
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Fig. 7 - 12: Apparent shear rate against inverse gap size for 0.7 wt. % Pigment for 10 to
510 Pa

The same response when the Mooney analysis was applied to the primary data, was seen
for pigment concentrations of 1, 1.7, 2. 2.7, 3 and 3.52 wt.%. The observations made from
the Mooney analysis application on the model fluids are; a change in the gradient sign

from positive to negative gradient denotes a dichotomy of slip velocity from positive to
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negative. This observation deviated from that presented by the commercial coatings, as

model fluids showed two distinct regimes.

The transition signified a transition from positive AWS (depleted layer) to negative AWS
(stagnant layer). Positive AWS was exhibited between 10 to 410 Pa, while and negative
AWS was observed between 510 to 990 Pa. Therefore, critical shear stress for 07 wt. %
pigment concentration was observed at 510 Pa, this was also observed in the primary data.

The response was seen for all pigment concentration.
7.3.3.3. ACCURACY OF THE MOONEY ANALYSIS

The accuracy of the Mooney analysis on pigmented model fluids was investigated and

the results are presented in fig. 7 — 13.
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Fig. 7 - 13: Determination of the Mooney analysis against Shear stress

High accuracy was observed at low shear stresses; in the region of positive AWS, and
less accurate at high shear stresses in the region of negative AWS. However, the failure
of the Mooney analysis at the critical shear stress was due to the absence of AWS where

bulk flow dominated over slip flow.

Apart from the pigment concentration of 2 wt. %, all model fluids generally achieved R?
closer to 1 at low shear stress; followed by a gradual decrease within the transition region

Above the transition region, a gradual increase in R? for all model fluids was seen;

158



however, low pigment concentrations showed higher accuracy than high pigment

concentration. It was thus deduced that the Mooney analysis starts to break down at high

shear stress and this was considered during data analysis at high sliding speeds.

7.3.3.4.

SLIP LENGTH AGAINST SHEAR STRESS

Fig. 7 — 14 shows slip length against shear stress for all pigment concentrations. All

pigment concentrations exhibited both positive and negative values.
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Fig. 7 - 14: Slip length against shear stress for pigment PVVC coatings

Positive slip length estimates the distance from the plate (datum point) where the velocity
profile of the flow, extrapolated from the bulk velocity, achieves the velocity equivalent
to that of the plate into the wall [72]. And negative slip length estimates the distance from
the plate where the velocity profile of the flow, extrapolated from the bulk velocity,

achieves the velocity equivalent to that of the plate in the fluid.

Generally, positive slip length decreased with increasing shear stress, while negative slip
length increased with shear stress for all pigmented model fluid. However, the magnitude
of the anomalous layer is proportional to slip length. Therefore, slip length can be

employed to estimate the thickness of the anomalous layer.

Interestingly, the critical transitional shear stress from positive to negative slip length
varied with pigment concentration and was highest for 3 and 3.52 wt. % pigment
concentration and lowest for 0.7 and 1 wt. % pigment concentration. For pigment
concentrations of 0.7, 1 and 1.7 wt. %, a “sigmoid” fit of slip length against shear stress,

with a perfect fit at 0.7 wt. % was observed

There were four stages identified in the sigmoid curve for pigment concentration of 0.7,
1 and 1.7 wt. %: Region I, in the shear stress range of 10 — 130 Pa, was attributed to the
random orientation of polymeric and pigment particles moving at a low sliding speed.
Due to low tangential stress and speed, the particles and polymer molecules are greatly
affected by cohesive forces. Therefore, low external forces or shear stress within this
region is insufficient to promote mixing/ homogeneous phase within the gap size. It was

within this region that the size of the lubricating layer was highest due to positive AWS.
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Region 11, within shear stress range of 130 - 430 Pa, with relatively higher sliding speeds
than region | was seen. This region still experienced positive AWS; however, a slower
rate of change of slip length was evident due to the “nearly” achieved homogeneous

phase.

Region 111 was observed within a shear stress range of 430 — 800 Pa, with positive and

negative slip length.

Region 111 showed the highest rate of change with positive AWS and thus a lubricating
layer at relatively low shear stress and a stagnation/ sticky layer above the critical shear

stress.

Within region |11, a critical shear stress/ critical sliding speed was observed where a
transition from positive to negative AWS (wall stick) was observed. Fig. 7 — 15
schematically describes the four regions identified in a sigmoid curve of pigment
concentration 0.7, 1 and 1.wt.%. It is noteworthy that the critical shear stress is a function

of gap size and pigment concentration.

Flow direction

Fig. 7 - 15: Region Il at medium shear stress (mid image), and Region Ill and IV at high
shear stress (bottom image).

And finally, region 1V, above shear stress of 800 Pa, exhibited the slowest rate of change
of slip length. The slowest rate of change could be credited to the saturation of the
attachment sites on the moving plate and less free particles available in the bulk to migrate

to the solid surface.
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Pigmented model fluids of concentration 2, 2.7 and 3 wt. % behaved differently from
lower concentrations mentioned previously a sigmoid curve disappeared. Firstly, the
response at low shear stress was possibly due to low torque values exerted by the
rotational geometry that struggles to move the pigmented model fluid in the gap
separation. Hence the scattered data at low shear stress is an experimental artefact as

opposed to the material response.

Secondly, an increase in slip length to a local maximum was seen at low shear stress,
followed by a gradual decrease to a plateau at medium shear stress. A decrease of slip
length to a plateau signified the dominance of bulk fluidity flow over slip flow, which is
the desired flow to avoid AWS.

At pigment concentration of 3.52 wt. %, slip length response deviated from the sigmoid

fit; an asymptotic response at both low and high shear stresses was observed.
7.3.3.5. RELATIVE SLIP CONTRIBUTION AGAINST SLIDING SPEED

Relative slip contribution (A) against sliding speed for all pigmented fluids was studied

at gap sizes of 200 -1000 um and, the results are presented in Fig. 7 - 16.
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Fig. 7 - 16: Relative slip contribution against sliding speeds for model fluids with varying

Pigment concentrations.

The gap size of 200 um showed the highest relative slip contribution while 1000 pm
showed the least relative slip contribution for all pigment concentration. This response
was observed in commercial coatings (see chapter four) and was attributed to constriction

effects experienced at small gap sizes.

The local minimum points were seen at gap sizes above 600 um, followed by a recovery
of negative relative slip contribution; the curve shifting towards a zero value depicted a
flow recovery from slip dominated flow to the bulk dominated flow. A local minimum
was possibly due to clogging development, and the flow shift was ascribed to the clog
breakage at a clog fragility point. Clog fragility points were observed at sliding speeds of
~ 10 m/min for 0.7 — 2.7 wt. % pigment; and ~ 0.2 m/min for 3 and 3.52 wt. % pigment

concentration.

Additionally, a transition from positive to negative relative slip contribution was noticed
at elevated sliding speeds. It is worth noting that at the transition point, relative slip
contribution closer to zero denotes a flow dominated by bulk flow and therefore negligible
influence of slip. All pigment concentrations showed a transitional point where they
transition from one AWS regime to another.
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A comparison of relative slip contribution of pigment concentrations at each gap size is
presented in fig. 7 — 17. At low sliding speeds, all pigment concentrations exhibited a
weak dependence of relative slip contribution to the total flow, and this was more
pronounced at small gap sizes. However, as gap sizes increased, a dependence of absolute
relative slip contribution on sliding speed, more so at low sliding speeds, was seen. It was
believed that the dependence of relative slip contribution at large gap sizes was due to

less hindrance of movement, and therefore, geometry rotation

At high sliding speeds, all pigment concentrations showed a strong dependence of relative
slip contribution on sliding speed, with the strongest dependence observed at 3.52 wt.%
pigment concentration. Interestingly, all pigment concentrations showed an overlap at
large gap sizes (800 and 1000um), signifying that constriction effects are more influential

than pigment concentration in causing slip behaviour.

At small gap sizes, negative relative slip contribution of more than -1 was recognised.
This was considered miss leading because it suggested an anomalous layer thicker than
the gap size. It was likely that the Mooney analysis breaks down when constriction effects
dominate the flow, and therefore, can give an accurate physical response but the
misleading quantity of anomalous layer thickness. 200 and 400 um gap size show a flow
that continuously increasing in negative relative slip contribution, while the flow at 600

um shows a recovery past the clog fragility point.
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Fig. 7 - 17: Relative slip contribution against sliding speed for all pigmented model fluids
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7.3.3.6. CONSTRICTION EFFECTS ON THE FLOW OF PVC OACTINGS
WITH VARYING PIGMENT CONCENTRATION

It was stipulated in the previous section, section 7.3.3.5, that constriction effects to the
flow-through small gap sizes is of high magnitude, it was followed up in this section by
investigating the number of constriction effects for all pigment concentrations. Fig 7 - 18
explores constriction effects/ jamming phenomena (N) of pigmented model fluids against

sliding speeds.

There were three observations made; firstly, at 200 and 400 um all pigmented model
fluids showed the highest constriction of more than 80%. Constriction effects were seen

to steadily increase with increasing speed with no point of recovery, clog fragility point

Secondly, at medium gap sizes, 600 and 800 um showed an increase of stagnation ratio
up to a local maximum known as a clog fragility point. Above the clog fragility point,
stagnation ratio sharply decreased. Flow at pigment concentration of 3.52 wt. % showed
a clog fragility point but also showed the reform of the clogs at elevated shear stresses. It
was believed that the re-formation of clogs was due to the close “compactness” of the
coating system where cohesive forces were more effective due to the pigment particle —
particles interactions.
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Fig. 7 - 18: Percentage stagnation ration against sliding speed for all pigmented model fluids
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7.3.3.7. ANOMALOUS LAYER THICKNESS AGAINST SLIDING SPEED

A comparison of anomalous layer thickness at gap sizes of 200, 400, 600, 800 and 1000
pm is presented in fig. 7 -19. The anomalous layer thickness was calculated using Eqn.
(2 — 20) in chapter two. At all gap sizes, all pigmented model fluids displayed both a
negative and positive anomalous layer. A positive anomalous layer denotes a
development of a stagnant/ sticky layer, while a negative thickness denotes a lubricating
layer. The signs should not be confused with slip length, slip velocity and relative

contribution signs.

Unlike gap size of 1000 um, anomalous layer thicknesses — both positive and negative —
were thicker than the gap size. These results were also seen in relative slip contribution
values. It was therefore deduced that the Mooney analysis is limited in predicting the size
of the anomalous layer thicknesses where characterising slip behaviour of complex, no
linear materials. Also, the high degree of constriction effects in gap sizes between 200 -
600 um further suggested that the Mooney analysis breaks down in the presence of
constriction; and therefore, fails to quantify slip characteristics. However, the physical

response of the curves makes scientific sense.
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Fig. 7 - 19: A comparison of anomalous layer thickness against sliding speed for all pigmented model fluids at different gap sizes
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At gap size of 1000 um, the anomalous layer thickness was well within the gap size of
1000 um. There were negligible constriction effects observed at gap size of 1000 um
and therefore slip characteristics in this gap size were due to material characteristics as

opposed to clogging formation.

The flow at 1000um was employed to describe the flow in the coating trough during the
pick-up process. The distance of the pick- up roll surface from walls and the base of the
coating trough is more than 1000 um. Thus, the conclusions made from 1000 um are
transferable to the coating trough. 3.52 wt. % pigment concentration showed the thickest
stagnant layer and a faster transition from positive to negative wall slip. Both 0.7 and 1
wt. % pigment concentration showed the thickest lubricating layer and the delayed
transition from positive to negative apparent wall slip. At sliding speeds of 70 and 90
minutes, all pigment concentration achieved ~ 730 um thickness of the stagnant layer.

A transition from a lubricating to a stagnant layer was investigated and the results are
presented in fig. 7 — 20. Transitional speed against pigment concentration at gap sizes
showed a power-law relationship though. Overall, the transitional speed was higher for
low pigment concentration thus a delayed shift from a positive apparent wall slip to a

negative apparent wall slip.
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Fig. 7 - 20: Transitional speed against pigment concentration at 1000 um
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7.3.4. EXTENSIONAL VISCOSITY

So far, pigment concentration has shown an influence on shear rheology of PVC coatings. High
pigment concentration increases solid-like properties of a coating due to change of the intrinsic
structure. This was believed to also impact the film split process during pick up roll separation
from the bulk coating in the coating trough. Therefore, this section investigates the influence of
pigment concentration extensional rheology of the coating such as film break-up time. The
experimental procedure employed during the extensional rheological characterisation of
commercial paints was the same for this study and therefore presented in chapter five.

Pigmented model fluids with a concentration of 0.7 and 1.7 wt. % were employed for this study.
Above 1.7 wt. % pigment concentration, it proved a challenge for the CaBER rheometer to induce
film separation split. Additionally, prior knowledge of surface tension and density is vital for
determining extensional viscosity but also gravitational effects the results. However, surface
tension measurement was also a challenge to obtain at higher concentrations of over 1.7wt. %.
An optical tensiometer FTA relies on the formation of a pendant drop of the test fluid from the
needle to obtain surface tension measurement. However, high concentration pigmented fluids
models failed to freely form pendant drop. For the two reasons discussed, 0.7 and 1.7 wt. %

pigment concentration was employed.

Fig. 7 — 21 and Fig. 7 — 22 show a sequence of images of progressive filament thinning for 0.7
and 1.7 wt.% pigment concentration respectively. While Fig. 7 - 23 shows a natural log-log plot

of thinning filament radius against time.

Fig. 7 - 21: Sequence of images progressive filament radius at 0.001, 1.135, 1.519, and
1.81 seconds, respectively.
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A. 1.7 wt. % Pigment concentration

Fig. 7 - 22: Sequence of images progressive filament radius at 0.001, 2.26, 2.71 and
2.733 seconds, respectively.
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Fig. 7 - 23: Progressive filament radius against time.

The result of pigment addition to PVC -clear base at the varying concentration on extensional
rheology is drastic. Firstly, the rate of filament thinning was slower at 1.7 wt. % concentration
than at 0.7wt. % in concentration. This was evident in the sequence images of the two pigment
concentrations in Fig. 7 — 21 and Fig. 7 — 22. 0.7 wt. % pigment concentration. This was also
reflected in Fig. 7 -23 as the film bridge was thinned slower for high pigment concentration. t
time was higher for 1.7wt.% than its counterpart, 0.7wt.%.
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The pigmented model fluids displayed power law -tension thinning behaviour based on the “non
- slender” visco-capillary forced balanced filament bridge. The tension thinning behaviour was
also seen in Fig. 7 —24. A power law region at low strain values credited to the heavily entangled
state of polymers and pigments. And a Newtonian plateau where particles and polymers are fully
aligned.

The rate of deformation and recovery are in equilibrium at the Newtonian plateau. Higher
pigmentation showed stronger tension thinning behaviour than low pigment concentration;

though the low-pigmented concentration showed higher viscosity at the Newtonian plateau.
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Fig. 7 - 24: Extensional viscosity against strain rate
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7.4. CONCLUSIONS

This chapter has determined the impact of pigment t concentration on the rheological
behaviour of PVC coatings. This has highlighted that the pigment concentration not only

increases shear viscosity but also shear thinning properties of PVC coatings.

Furthermore, the mechanical properties of PVC coatings drastically increased which
subsequently increased the tensile properties such as film break up time and extensional
viscosity increased. The strength of tension- thinning properties also increased with

increasing pigment concentration.

Flow indices under shear flow and extensional flow decreased with pigment
concentration depicting stronger extension and shear thinning behaviour with higher
pigment concentration. Zero shear viscosity also increased were believed to enable high
quantity pick - up from the coating trough, but also enable easier flowability through the
nip gap during the flow through the nip gap.

Unlike commercial coatings, all pigmented model fluids displayed both a lubricating and
a stagnant layer at gap size of 200 — 1000 um. The gap size of 200, 400 and 1000 pm
represented a nip gap between applicator and pickup roll, nip gap between metering and
pick-up roll, and between pick - up roll and the bottom of the trough and/ or sides of the
coating trough, respectively. However, the scope of this study is limited to the pick - up

roll. Therefore, the focus of this study was limited to 2000um gap size.

In the absence of constriction effects at large gap sizes, relative slip contribution was the
same for all pigmented model fluids. However, the anomalous layer thickness varied
greatly. Though all pigment concentrations showed both a lubricating and a stagnant
layer, high pigment concentration favour a thicker stagnant layer, whilst low pigment
concentration favoured the formation of a lubricating layer. Both cases are undesirable
as they are credited to phase separation, thus a compromise lies with a concentration that

provides the least anomalous layer thickness of the lubricating and stagnant layer.

Hence the information obtained provides a well-characterized set of materials which can

be used to further examine the pickup process in the roll coating process.
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CHAPTER EIGHT

EFFECT OF SOLVENT CONCENTRATION ON RHEOLOGICAL PROPERTIES OF
PVC CLEAR BASE

8.1. INTRODUCTION

Having established that there exists a relationship between pigment fraction in the last
chapter, further study of PVC systems was carried out to understand the relationship
whereby the PVC was reduced in viscosity with a solvent. This would give a unique
insight into how characteristics such as positive and negative AWS and extensional
rheometry are related to the constituents within a complex pigmented system. This would
also serve to provide a suite of well-characterized model coatings with known
constituents which could be used to examine the fluid dynamics of the roll coating pick

up process (Chapter nine). This chapter describes the approach used to meet these aims.

8.2. METHODOLOGY

As with the previous chapter, a generic PVC based coating (PVC clear base) was obtained
from AkzoNobel, formerly known as BASF. To this basic PVC clear base, solvent
controlled quantities of materials were added and mixed (Table 8 - 1). To simulate the
particle/ liquid interactions, a solvent blend of Butyl Carbdol Acetate (BDA) and
Petrosol, in the ratio of 2:1 was to the PVC base coating was mixed by a Speed mixer
DAC 150.1.FVZ.K. (Fig. 7 - 1) at room temperature and 10 minutes (5 minutes x 2, with
5 minutes interval). Around 150 g of each model material was made per batch, which

allowed enough material for testing and allowed accurate determination of masses.

Table 8 - 1: Solvent additions to the basic PVC clear base material

PVC clear base concentration Pigment concentration [wt.%0]
[wt.%]
100 0 (PVC Clear base)
96 4
92 8
88 12

All model coatings were stored in airtight containers in a thermally controlled laboratory.
Each material was subjected to the same comprehensive suite of rheological testing as
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was described in Chapter four to chapter five, with exception of thixotropy and shear rate

dependent curve.
8.3.  RESULTS AND DISCUSSION

A range of rheological tests; dynamic tests, gap size viscosity dependence and extensional
rheology are presented and discussed herein. The experimental procedures that were
undertaken during commercial paints were also adopted to solvated model fluids. Access
to the laboratory with rheometers was limited; and therefore, proved a challenge to carry
out shear rate dependent viscosity curves.

8.3.1. DYNAMIC OSCILLATORY RHEOLOGY
8.3.1.1. AMPLITUDE SWEEP

The amplitude sweeps on PVC coating with the solvent concentration of 0 — 12 wt.% was
conducted in the strain range of 0.01 to 20 at a constant frequency of 1 Hz and at
temperatures of 20 °C. The program settings were set in a linear mode. Fig. 8 — 1 and Fig.
8 - 2 compares elastic and viscous modulus, respectively, of PVC coatings. A decrease
in the LVR region in the elastic modulus curve was credited to the linear setting as

opposed to the logarithmic setting within the Bohlin software.

Despite the decrease of moduli in LVR region, a strain value of 0.7 was employed in the
frequency sweep because it was assumed to lay within the linear region. The elastic and
viscous modulus curves lessened with increasing solvent concentration, due to weakened
binding powers by high solvent concentrations in the PVC coating system. As a result,

solid-like behaviour decreased with increasing concentration.

Also, PVC coatings at all concentrations showed a double strain overshoot in the elastic
and viscous modulus. According to Hyun et al [16]and [126] this behaviour is often

associated with associative polymers, but rarely studied in the literature
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Fig. 8 - 1: A comparison of elastic modulus curves of solvent concentration of 0 (PVC
clear base), 4, 8 and 12 wt. %
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Fig. 8 - 2: A comparison of viscous modulus curves of solvent concentration of 0 (PVC
clear base), 4, 8 and 12 wt. %

The double strain overshoot was credited to the polymer side chains of the backbone of
the PVC polymer chain. At low strain value, the chain aligns to a certain degree due to
the electrostatic charge between neighbouring polymer groups. However, at medium
strains, the side chains of the long polymer backbone resist deformation due to the

entanglement of the side chains with the nearest side chains on the neighbouring polymer
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group. Thus, the entangled and entwined side polymer side chains exhibit a weakly
complex structure in the form of a strain overshoot in the amplitude sweep. At high
enough strain values above the critical strain, the weak structure is deformed, and the
material initiates flow as expected. A strong strain overshoot was also exhibited by

commercial paints.

8.3.1.2. FREQUENCY SWEEP

A frequency sweep was conducted at a strain value of 0.7 in the frequency range of 20
Hz. Fig. 8 — 3 and Fig. 8 - 4 compare elastic and viscous modulus of PVC coatings with
different concentrations. It witnessed that at both moduli, PVC clear base showed the
highest value than the other solvent concentrations, as expected, due to a higher polymer

density in the PVC clear base.

A dependence of elastic and viscous moduli on frequency was seen at all frequency test
range, except for frequency values of 10 Hz and above where erroneous data was. Elastic
modulus dependence on frequency is an indication of a weak gel system of the model
fluids.
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Fig. 8 - 3: A comparison of elastic modulus curves of solvent concentration of 0 (PVC
clear base), 4, 8 and 12 wt. %
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Fig. 8 - 4: A comparison of viscous modulus curves of solvent concentration of 0 (PVC
clear base), 4, 8 and 12 wt. %

A comparison of the phase angle of solvated model fluids is represented in fig. 8 — 5.
Phase angles of solvated PVC coatings responded differently from pigmented PVC
coating. Firstly, almost a complete overlap of phase angles was seen between frequency
ranges of 0.1 — 3 Hz, and above the mentioned frequencies, differences in the curves were

seen.
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Fig. 8 - 5: A comparison of phase angle curves of solvent concentration of 0 (PVC clear
base), 4, 8 and 12 wt. %
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Secondly, the phase angle of higher solvent concentration was lower than those seen for
low solvent concentration portrayed that solvent concentration increased elastic

properties, though individually elastic modulus was higher for low solvated model fluids.

Thirdly, the increased frequency decreased the phase and thus increased solid-like
properties due to reduced time. These results showed time dependence of solvated PVC

coatings than pigmented model fluids that showed negligible change with frequency.

8.3.2. APPARENT WALL SLIP (AWS)

Effect of solvent concentration on AWS behaviour of PVC coatings was investigated by
conducting a gap-size shear rate dependence of model fluids with solvent concentrations
of 0 wt. % (PVC clean base), 4, 8,12 and 36 wt. %. The experimental plan is presented
in chapter four.

8.3.2.1. GAP SIZE VISCOSITY DEPENDENCE

Fig. 8 — 6 shows the gap size shear rate dependence of model fluids of solvent
concentration 0 — 36 wt. %. The primary data shows a shift in steady-state flow curves,
more so for low solvent concentrations, when gap sizes were varied, denoting the
presence of apparent wall slip behaviour. All PVC coatings exhibited a swap of
dominance; though may not be that obvious from the primary data; flow curves of small
gap sizes showed the higher apparent shear rate at low shear stress, while flow curves of

large gap size showed the highest apparent shear rate at high shear stress.

It was witnessed that at large gap sizes, reported apparent shear rates were very high and
often out of the capabilities of the Bohlin Geminin rheometer. Consequently, the rotating
geometry often ceased rotation. PVC coatings with high solvent concentrations such as
36 wt. % and tested at large gap sizes were prone to this issue. Therefore, extrapolation
of flow curves for shear stress values that could not provide the resultant apparent shear
rates, using the power-law model, was carried out to proceed with the investigation of
AWS. The extrapolated apparent shear rates highlighted with different colours on the

flow curves in Fig. 8 - 6.

Minimal extrapolation was required for low solvent concentrations in comparison to high
solvent concentration. As a result of a high degree of extrapolation carried out at 36 wt.
% solvent concentration, PVC coating with a solvent concentration of 36 wt. % was

eliminated from test materials
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Fig. 8 - 6: Accuracy of the Mooney analysis for model fluids with 0 wt.% (PVC clear
base), 4 wt.% , 8 wt.%, 12 wt.% and 36.wt.% solvent concentration.

8.3.2. EXTENSIONAL RHEOLOGY

Commercial coatings that are more versatile under industrial condition displayed higher
extensional viscosity with strong tension thinning properties. Thus, the effect of solvent
concentration on PVC coatings was investigated using a PVC clear base and PVC clear
coatings with solvent concentration of 4, 8 and 12 wt.%. A detailed experimental

procedure employed in chapter five was employed in this work.
8.3.2.1 PROGRESSIVE FILAMENT RADIUS

A sequence of images (Fig. 8 — 7 to fig 8 — 10), denoted as A, B, and D for PVC clear
base, 4 wt.%, 8 wt.%, and 12 wt.% solvent concentration, show progressive filament

radius of solvated PVC coatings as a function time.
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(A)PVC clear base

Fig. 8 - 7: Sequence of images showing progressive filament radius at 0.15, 1.04, 1.43
and 1.62 seconds, respectively.

(B) 4 wt.% Solvent concentration

Fig. 8 - 8: Sequence of images progressive filament radius at 0.028, 0.239, 0.46 and 0.5
seconds, respectively.

(C) 8 wt.% Solvent concentration

Fig. 8 - 9: Sequence of images progressive filament radius at 0.028, 0.052, 0.59and 0.63
seconds, respectively.
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(D) 12 wt.% Solvent concentration

Fig. 8 - 10: Sequence of images progressive filament radius at 0.05, 0.18, 0.21 and 0.23
seconds, respectively.

Filament radius of the same size for each solvated coating was compared to monitor the

effect of solvent concentration on the rate of filament radius.

PVC clear base exhibited a slower rate of filament thinning in comparison to solvated
PVC coatings. Conversely, 12 wt. % solvated PVC coating showed a faster rate of
filament thinning. However, images are qualitative, and a human eye is prone to error.
Therefore, using a CaBER analyser tool, a series of obtained images were quantified to
provide information about the progressive filament radius as a function of time. Fig 8 -

11 shows a semi-log plot of progressive filament radius with time.
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Fig. 8 - 11: Semi-log plot of progressive filament radius with time for different solvent
concentrations
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All PVC coatings showed a visco-capillary regime at all tested time test range denoting
non-Newtonian, tension-thinning tendencies. The absence of the elasto-capillary regime
depicted predominately viscous materials. There were instabilities observed at the critical
filament break up radius due film break up and recombination. High surface tension
materials are often prone to film split and recombination; however, the initial film break

was considered as the film break up point and thus critical-up time.

The power law tension-thinning model shows great accuracy, with R? ranging between
0.97 - 1.00; R? is highest at PVC clear base (0 wt. % solvent). Flow indices, prefactor and
critical filament radius increased with solvent concentration, denoting weak tension
thinning behaviour that film splits at thicker filament thickness. The opposite is true for
low solvent or no solvent PVC coatings; generally, the critical radius and flow indices
reduced with reduced solvent concentration, indicating stronger tension thinning

tendencies at low solvent concentration.
8.3.2.1 EXTENSIONAL VISCOSITY AGAINST HENCKY STRAIN

Fig. 8 — 12 represents extensional viscosity of solvated PVC coatings and PVC clear base

as a function of strain rate.
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Fig. 8 - 12: extensional viscosity against strain rate for different solvent concentrations

Tension thinning strength increased with decreased solvent concentration; for example,

PVC clear base showed two regions in the flow curve; a distinct power-law region and a
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Newtonian plateau. While a 12 wt. % solvated PVC coating showed a strain rate-

independent extensional viscosity.

Low solvent concentrations not only possess strong tension thinning, properties but also
show high zero-viscosity and high effective viscosity at the Newtonian plateau; zero-
viscosity is observed at 25.3, 13.45,10.68 and 3.21 Pas for PVC clear base, 4 wt.%, 8
wt.% and 12 wt.%. The same trend is observed for the Newtonian plateau viscosity,
except that the 4 wt. % and 8 wt. % curves overlap with a viscosity value of 3.9 Pa. High
extensional viscosity was credited to stronger binding powers between polymer molecule
thus higher extensional viscosities. At high solvent concentration, solvent weakens the

bonds holding polymeric molecules thus low viscosity reported.

8.4. CONCLUSIONS

Chapter eight has addressed the effect of solvent concentration on the rheological
behaviour of PVC coatings were studied. Rheological studies from dynamic oscillatory
rheometry, to apparent wall slip characterisation and extensional rheometry, showed an
influence off solvent concentration on PVVC coating behaviour.

Dynamic oscillatory rheometry showed a decrease in elastic modulus curves; however,
phase angle results exhibited a decrease with increasing solvent concentration. This
depicted a decrease in both the elastic and viscous modulus when solvent concentration

increased.

Gap size viscosity dependence of low solvent concentration (PVC clear base and 4 wt.%
solvent concentration) showed the development of both a lubricating and stagnant layer.
Additionally, the Mooney analysis broke down at small gap sizes when tested at low

solvent concentrations, and apparent wall slip characteristics varied with gap sizes.

High solvent concentrations (8 wt. % and 12 wt. % solvent concentration), interestingly,
showed the development of one of each AWS behaviour. 8 wt.% solvent concentration
showed the development of a thin stagnant layer (almost negligible) to be formed; while
12 wt.% exhibited the development of a thin lubricating layer at predominantly all sliding
speeds. Therefore, the optimal solvent concentration with negligible AWS lies between
8 — 12 wt. %.
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Additionally, the sizes of the anomalous layer thicknesses and relative slip contribution
did not change with gaps sizes when high solvent concentration PVC coatings were
tested. This was the opposite behaviour of the PVC clear base and 4 wt. % solvent
concentration. The findings, therefore, confirmed the accuracy of the Mooney analysis to
simpler liquids such as highly solvated PVC coatings.

Finally, high extensional rheology of low solvent PVVC coatings revealed an increase of
tension thinning properties (lower flow index) coupled with higher extensional viscosity.
Additionally, a delayed coating film break for low solvent PVVC coatings was parallel to
the filament behaviour of Coating B (chapter five) and Coating X (chapter six), and thus

denoted a better performance at the coating line.

Therefore, this chapter has highlighted the rheological impact of varying solvent
concentration and provided a well-characterized set of materials which can be employed

to further examine the pickup process in the roll coating process.
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CHAPTER NINE:

PARAMETRIC STUDIES ON ROLL COATING RIG — PART 1; COMMERCIAL
PAINTS

9.1. INTRODUCTION

Rheological studies conducted on commercial coatings revealed a difference between
Coating S and Coating B, and Coating X and Coating Y. Similarly, Model fluids of
pigmented and solvated PVVC coatings exhibited a difference in rheological performance
because of variation of pigment and solvent concentration. However, the failure of the
Mooney analysis to predict sensible slip layer thicknesses and relative slip contribution
results of multiphase systems inspired further research of coating film thickness on the
pick-up roll, Hp;cx—p, from the coating trough. Therefore, Chapter nine focuses on
parametric studies, a variation of pick up roll speeds, on the film thickness. This
information, in addition to theological studies, provides information about PMD
encountered at the coating line. The investigation aimed to investigate the steady-state
relationship between the pickup roll rotation, coating rheology and the quantity of

material picked up from the trough to the roll.

9.2. MATERIALS AND METHODS
9.2.1. MATERIALS

9.2.1.1. COMMERCIAL COATINGS

Under rheological characterisation, Coating B and Coating X met the criteria of a coating
that was deemed successful, following the QC system developed. The two coatings tested

on the roll coating rig to monitor their performance under controlled conditions.

9.2.2 DESCRIPTION OF EXPERIMENTAL SET - UP

The effect of pick-up roll speed and rheological properties on pickup process was

investigated using a benchtop roll - coater rig showed in fig. 9 — 1. The rig consisted of
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various components, namely: 40 mm Pickup roll, laser gauge thickness, coating trough,

data logger, DC motor drive and a PC.

Fig. 9 - 1: Schematic of a benchtop roll coater rig

The coating film thickness on the pick-up roll was measured using a ILD1750-2 Laser
optical displacement measuring system with an integrated digital signal processor,
purchased from Keyence Limited, which operated by shining a laser at the surface of the
roll with a layer of coating and measuring the distance by the location of the reflected
light on a linear CCD array. The measurement system was operated in a voltage output
mode with a distance range of 25 - 40 mm and a quoted measurement accuracy of 0.002
mm. The voltage signal was subsequently captured by a LabJack 3 A/D 1/O module
linked to the PC using a USB interface. The Labjack unit was set to operate ina 0 -5V
input mode with 4096-bit resolution meaning a nominal accuracy of 0.25 mV. Custom
software was written which allowed for direct setting of the motor speed (following an
acceleration phase of around 120 seconds) and direct data collection of the laser distance
measurement (voltage) at 7.5 kHz for a specified period of up to 30 minutes

The experimental rig was constructed from rigid Rexroth aluminium section clamped
securely to a fixed steel laboratory such that vibrations were minimized. The roll was
constructed from solid aluminium and finished with a ground surface. The motor was
joined to the roll via direct coupling to the roll shaft. A BL0O60 —H03 —G brushless DC
drive motor was used to drive the roll and the current limit of 7.2 A dictated the 120

seconds acceleration time to limit the sudden inertial load on the motor.

The coating was held in a coating trough which was 3D printed in 3 parts to facilitate
installation and cleaning. These parts were bolted together using a threaded bar to provide

the necessary mechanical integrity. The porous nature of the 3D printed coating trough
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structure necessitated the covering of the inner surface of the trough using waxed

adhesive tape. This was replaced each time the fluid was changed in the trough.

The pickup process was comprised of two processes: the immersion of the pick-up roll
with 40 mm diameter and 110 mm roll length, in a coating trough with ~ 200 ml volume
of test liquid. This was followed by coating deposition onto the pickup roll, followed by
the roll withdrawal from the coating trough. Immersion (residence) time of the pickup
roll in the coating trough was governed by the pickup-roll speed, and the concept of the

dip-coating process at an angle was considered under this study.

The pickup roll speed was varied from 0 — 5V (34 — 56 m/min) to enable investigation of
roll speed effect on the coating thickness picked up. The Laser optical displacement
measuring system was positioned at the centre of the pick-up roll length, equidistant from
the edge of the roll length. Note: an eye was kept a flash LED red light on the roll/ coating

surface as an indicator of a “soiled lens” and ensuring that the laser source was cleaned.

The assumption that the width and depth of the coating trough were large enough not to
influence free surface flow was made. Before data collection, a preconditioning time of
~2 minutes was considered to factor in rotation start-up issues and uniform conditions
throughput the coating troughs. The pickup roll at a given speed was set to run for ~ 10

minutes whilst collecting data on coating thickness over that time.
9.2.3. MEASUREMENT CALIBRATION

Prior to parametric studies, machine calibration was conducted to understand roll
cylindricity, background noise, the relationship between a substrate thickness and output
voltage and error approximation on the obtained. Polyester sheets of 175 um thickness
were employed in the calibration process which resulted in the film thickness/ voltage
output presented in fig. 9 — 2.

The relationship between voltage output and substrate thickness is linear (see Eqn. (9 —
2) derived from Eqgn. (9 — 1)) with an accuracy of R?=0.9961. Thus, coating thicknesses
calculated from voltage output from the data logger was determined from the relationship

mentioned.
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y = 0.0006x - 0.0028
0.6 R2 = 0.9961
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Fig. 9 - 2: Relationship between the position of the laser gauge and Voltage differences

V =0.0006 6 —0.0028 9-1)
Hypp = 1716V +7.2336 (9-2)
Where Hg,,,, coating thickness (um) and V is voltage output from the data logger (V).

Having calibrated the system, initial trials identified interesting phenomena, which is

occasionally observed on the full-scale production line; the ribbing phenomena.

9.2.4. RIBBING CONTRIBUTION TO THE TOTAL COATING THICKNESS
OF COMMERCIAL COATING

The initial experimental trials found that the coating exhibited variation in coating
thicknesses along the roll length, also known as ribbing, over a period at the same speed.
This can be seen in Fig. 9 - 3(a), visually observed as high points in the measured
thickness, Fig 9 - 3(b). Occasionally following a high amplitude in the rib, a zero-film

thickness was measured.

190



10,000.0
9.000.0
8.000.0
7.000.0
6.000.0
5.000.0
4.000.0
3.000.0

Coating thickness, 8. (um)

2.000.0
1.000.0

0 37 75 112 149 186 224 261 298 335 373 410 447 484 522 559

Time (Secs)

(@) (b)

Fig. 9 - 3: (a) Example Coating ribbing and (b) Measured thickness (with ribbing
contribution) against rotation time for Coating B at 34 m/min (13 RPM)

These could be attributed to the edge of passing rib causing an optical barrier between
the laser and detector. These ribs were not present with all operating conditions and
materials and would tend to oscillate laterally across the roll such that a measurement of
film thickness at a fixed position on the roll surface tended to fluctuate with the passing
of a rib. The presence of the ribs provided a challenge when attempting to calculate the
film thickness that has been picked up, in that coating picked up is highly discontinuous,
and thus a consistent method of calculating a mean value needed to be developed. To
calculate the mean film thickness, sudden peaks in height above a mean baseline were
removed from the signal. The resultant film thickness measured without ribbing is
presented in fig. 9 — 4. This also allowed an estimation of percentage ribbing contribution,

through the counting of null values within the measurement period.
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Fig. 9 - 4: Coating thickness (without ribbing contribution) against rotation time (0.15
V or 13 RPM)

9.3.  RESULTS AND DISCUSSION

The quantity of material which was required for each test meant that a full analysis of the
all commercial coatings could not be carried out due to limited quantity of material
available. The coatings that were under study were Coating B (Better coating for

Plasticeram black coating) and Coating X (Coating X for Plasticeram Sun Merlin)

A series of images of the coating layer on rotating pickup roll over some time were
randomly taken during the experiment to visualise the uniformity of the coating layer

being picked up.

9.3.1 COMMERCIAL COATINGS

Fig. 9 -5 and fig. 9 - 6 show coating layer uniformity of Coating B and Coating X on the
pickup roll during geometry rotation depicting that PVC coating systems possess a high
tendency to rib; the image on the left shows the presence of ribbing phenomena while the
image on the right shows the absence of ribbing phenomena. The ribbing phenomena
prevailed during rotation, and the ribs often shifted across the roll length and therefore

intermittently picked up by the Laser optical displacement measuring system.
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Fig. 9 - 5: Image of coating thickness of Coating B on the pickup roll surface during
rotation (a) and pickup roll surface without roll rotation (b)
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Fig. 9 - 6: Image of coating thickness of Coating B on the pickup roll surface during
rotation (a) and pickup roll surface without roll rotation (b)

Coating B and Coating X displayed ribbing phenomena during the pickup roll rotation;
however, the ribbings disappeared upon cessation of roll rotation. The ribs showed the
same wavelength throughout the experimental test time for both coatings though Coating
B showed prominent ribs than Coating X. Furthermore, pigment separation was observed
on the pickup layer of Coating X upon roll rotation cessation; white lines were seen on
the picked - up coating layer. The pigment separation was not exhibited by Coating B
denoting a possible colour/ pigment separation in Coating X due to possible pigment
blend of Plasticeram sun Merlin — Titanium dioxide and carbon black pigment. Coating
B did not display colour separation as one coloured pigment (possibly carbon black) was

employed in its formulation.
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Also, ribs disappeared upon cessation of roll rotation for all coatings was observed. It is
worth noting that the recovery from ribbing to a uniform layer was a gradual process that
took place over time. This recovery of coating layer thickness was attributed to the
thixotropic tendencies of coating and was believed to play a crucial part during the
levelling process (rectification of defects) at the upstream end of the roll coating process.
Cohu and Magnin [55] write that levelling and structural rebuilding due to thixotropy are
always in competition with each; therefore, sufficient structural rebuilding time should
be given for better levelling.

Fig. 9 — 7 compares coating thickness with ribbing contribution against sliding speed for
Coating B and Coating X. The solid line represents a polynomial fit through the points.
It was observed that coating thickness increased with sliding speeds for coating B. on a
further look, the highest film thickness for Coating B was observed in sliding speed range
of 46 — 51 m/min whilst the lowest coating thickness was detected at very low sliding

speeds.
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Fig. 9 - 7: Average coating thickness (with rib contribution) against sliding speeds

Conversely, Coating X displayed the opposite trend to that of Coating B; coating layer
thickness decreased as sliding speeds increased, with optimal coating thicknesses at low
speeds. Based on the information provided from the operators and process engineers at
the coating line, slow line speeds to aid the pickup of a thicker coating layer. Therefore,

this information was parallel to typical industrial observation.
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The difference in trends of Coating B and Coating X at elevated sliding speeds was
attributed to the in the degree of ribbing phenomena (see fig. 9 — 8) that coating B suffers
when sliding speeds increase. The Percentage rib contribution for both coatings followed
a polynomial trend; the same trend was observed in fig. 9 — 7, depicting that ribbing
phenomenon had a significant contribution to the total thickness of coating being picked

up from the coating trough.
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Fig. 9 - 8: Coating thickness (without ribbing contribution) against Surface speeds

Coating B showed a higher percentage of ribbing due to higher extensional viscosity and
viscoelasticity. The latter properties coupled with high sliding speeds yield ribbing as
reported by [29] because surface tension fails to stabilise the flow hence the manifestation
of the inertial 3D instability, ribbing. Coating layer thickness with ribbing is undesirable
because uneven layer thickness is carried to upstream units and subsequently causing the
defect. Therefore, ribbing contribution was eliminated and the effect of coating thickness

against surface speed was investigated.

Fig. 9 — 9 compares coating thickness without ribbing contribution against surface speed
for coating B and Coating X. Coating layer thickness for Coating B increased with surface
speeds while Coating X showed the opposite response. Also, less dependence on coating
thickness on surface speed was observed. The average coating thickness for Coating B
and Coating X was 1790 and 1,878 um.
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Fig. 9 - 9: Coating thickness (without ribbing contribution) against sliding speeds

9.4. CONCLUSIONS

The picking up process of commercial coatings as a function of sliding speeds from the
coating trough has been investigated in chapter nine. Although the experimental work
was set to investigate the effect of operating parameters and liquid coating rheology on
the quantity of coating pick up from the trough, ribbing instabilities were manifested, and

it was an interesting phenomenon.

The impact of viscoelasticity on the appearance of the coating layer on the pick-up roller
is undesirable. The manifestation of ribbing phenomena was seen to be prominent at
higher degrees of viscoelasticity and sliding speeds. This was evidenced when Coating
B, a Plasticeram Black coating, showed a higher percentage of ribbing in comparison to
Coating X, a Plasticeram grey sun Merlin coatings. Therefore, Coating B showed a

thicker coating layer with ribbing than Coating X throughout the sliding speed test range.

Under industrial conditions, the impact of ribbing on the pick - up roll does not affect the
quality of coating deposited on the substrate because the coating knife is positioned in

the metering nip gap to deduct excess coating thickness from the deposited layer.

To compare both coatings with consideration of the coating knife, coating ribs were
excluded from the data. Having excluded ribbing contribution, Coating B showed a lower

coating thickness than Coating X, though the difference between the two coatings was
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not significant. The methodology of deducting ribs from the collected data, however,
introduced inaccuracy in results because a high quantity of coating picked was contained

within each rib.

Due to the inability of the experimental rig to provide data without the influence of ribs,
it was therefore deemed impossible to determine a correlation between pick up sliding
speeds and coating pick up. Nonetheless, the impact of ribbing phenomena and

rheological properties was of interest and subsequently studied in the next chapters.
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CHAPTER TEN:

PARAMETRIC STUDIES ON ROLL COATING RIG — PART 2; MODEL PVC
COATINGS

10.1. INTRODUCTION

It has been established in chapter nine that commercial PVC coatings with different
rheological properties experience fluid flow and coating pick up from the coating trough
differently; Plasticeram Black coatings experience higher percentage contribution of
ribbing to the coating; however, Coating X shows exhibited thicker coating layer a when

ribbing was excluded from the obtained results.

Therefore, this section of the thesis focuses on the investigation of the effect of pigment
and solvent concentration (characterized in chapter eight and nine) on coating pickup,
coating layer thickness and coating layer uniformity, from the trough to the subsequent
units, in light of apparent wall slip effects during coating pickup from the trough.

10.2. MATERIALS AND METHODS

10.2.1.MODEL PVC COATINGS
(a). Pigment concentration

In order to investigate the effect of the interaction of operating parameters and pigment
concentration on the thickness of coating picked up from the coating trough, PVVC coating
with pigment concentrations of 0.3wt. %, 0.7wt. %and 1 wt. % were prepared. Due to the
high degree of pigment concentrations above 1.0 wt. %, it proved a challenge to the run
the model PVC coatings with pigment concentrations higher than 1.0wt%, through the

rig and therefore the test was limited to concentrations mentioned above.
(b).  Solvent concentration

To investigate the effect of the interaction of operating parameters and solvent
concentration on the thickness of the coating layer being picked up from the coating
trough, PVC coatings with solvent concentration of 0 wt.% (PVC clear base), 4 wt.%, 36
wt.% and 57.7 wt.% were prepared. The preparation procedure in chapter nine was

followed in this chapter.
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10.3. RESULTS

10.3.1 RIBBING CONTRIBUTION TO THE TOTAL COATING
THICKNESS OF COMMERCIAL COATING

Fig. 10 - 1 shows the physical appearance of the coating picked up when pigment

concentration is varied for PVC clear base (a) & (b) and 0.7 wt. % Pigment concentration
in PVC (¢) & (d).

(a) No pigment coating, motion

(c) Pigmented coating, motion (d) Pigmented coating, no motion

Fig. 10 - 1: Images of PVC coating thickness on the pickup roll surface; ribbing
phenomena (a) & (c) and typical coating thickness without roll rotation (b) & (d) );
PVC clear base at the top and 07 wt. % Pigment at the bottom

Both model fluids experience flow instabilities during geometry rotation (a) & (c), but
also shows a coating recovery upon cessation of rotating geometry (b) & (d). The ribbed
coating layer of PVC clear base showed tighter wavelength (higher frequency) and
smaller amplitude of the ribs, while 0.7 wt. % pigment concentration showed a shorter

wavelength (higher frequency) and a larger amplitude.
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Based on the results obtained from the dynamic oscillatory rheometry tests, increased
pigment concentration increases the elastic modulus, but also affects the frequency and
the amplitude of the ribs. The higher amplitude of the ribs was attributed to the
Weissenberg effect or rod clubbing effect as reported by Johnson, M.A.[29] and Alonso
et al [127].The consequence of the Weissenberg effect is beyond the scope of the research

project and therefore not looked into.

It is worth noting, that the circled region on the ribbed coating layer of 0.7 wt. % pigment
IS not a coating defect but light reflection off the coating-guard which was white and also

had coating sputter off the roll.

Furthermore, the relaxed coating layer upon cessation of geometry rotation, for PVC clear
base showed a recovery from ribbing; however, a complete recovery was not achieved.
For 0.7 wt. % Pigment concentration, a complete recovery from ribbing was achieved
though white lines in areas where ribs were once positioned, could be seen, and was
attributed to phase separation of particles from the bulk during shearing. Besides, the
layer of coating thickness picked up from the coating trough appeared to be thicker than
that of PVC clear base depicting an influence of pigment concentration on the quantity

of coating picked up from the trough.
10.3.2 EFFECT OF PIGMENT CONCENTRATION ON COATING
THICKNESS

Fig. 10 — 2 shows coating thickness against sliding speed with ribs (blue) and without
ribs (orange), for PVC clear base (a), 0.3 wt. % Pigment (b), 0.7 wt. % Pigment (c) and
1 wt. % Pigment concentration (d).
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Fig. 10 - 2: Coating thickness with ribs (blue) and without ribs (orange) against
geometry speeds for PVC clear base (Top row), 0.3 wt. % Pigment (second Top row),
0.7 wt. % Pigment (second Bottom row) and 1 wt. % Pigment (Bottom row).

The lower the pigment concentration the less stable the coating layer picked up depicted
as ribs. For example, PVC clear base exhibited a range of Hp;c—_y, Values from ~ 6000
pum at 34 m/min to ~396 um at 56 m/min. However, 1 wt. % pigment concentration
exhibited ~1679 pm throughout the test range speeds. This was credited to the higher
elasticity of PVC clear base than other solvated PVC models that make PVC clear base

more susceptible to flow instabilities at varying speeds.
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The lower pigment concentration produced the highest coating thickness. The effect of
sliding speed was more pronounced for PVC clear base; coating thickness decreased with
increased sliding speed for PVVC clear base while the negligible effect of speed was seen

for other concentration.

Fig. 10 - 3 and Fig. 10 - 4 compares coating thickness with pigment concentration at

different sliding speeds, with ribbing and with no ribs, respectively.

The coating thickness with ribs showed higher thickness at low sliding speeds, more so
for low pigment concentration and this is likely due to the strong shear-thinning nature
of the model fluids — high viscosity at low sliding speeds and low viscosity at high sliding
speeds. However, as sliding speeds increased, coating thickness decreased. Coating
thickness was seen to be dependent on pigment concentration at low sliding speed but
became independent of sliding speed at elevated speeds. The high coating thickness for
low pigment concentration was credited to the ease of movement of the rib across the roll
surface, thus the laser constantly picked up the rib thickness. Contrary to high pigment
concentration, the ease of movement of the rib across the surface was limited and hence

was not constantly picked up by the laser.

——34 m/min 39.25 m/min 41.63 m/min —+—46.13 m/min
56.25 m/min 58.75 m/min 60 m/min
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Pigment concentration (wt.%o)

Fig. 10 - 3: Coating thickness (without ribbing contribution) against geometry speeds
note: PVC clear base 0 wt. % pigment concentration)
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Fig. 10 - 4: Coating thickness (with ribbing contribution) against geometry speeds note:
PVC clear base 0 wt. % pigment concentration)
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Fig. 10 - 5: Rib contribution to coating thickness against pigment concentration (note:
PVC clear base 0 wt. % pigment concentration)

Except for PVC clear base at 56.25 m/min and 0.7 wt. % pigment concentration at 58.75
m/min, the coating thickness without ribs showed negligible variation as a function of
sliding speeds. A linear relation between coating thickness and pigment concentration

was observed.
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Percentage contribution of ribs to the total coating thickness picked up from trough is
represented in fig. 10 - 5. The highest rib contribution was observed for low pigment
concentration, in particular PVC clear base. There was no correlation drawn between rib

contribution and sliding speeds.

10.3.3 EFFECT OF SOLVENT CONCENTRATION ON COATING
THICKNESS

In light of the investigation of coating constituents such as pigment concentration on the
quality and quantity coating pick up from the trough in section 10.3.2 has inspired the
need to further understand the impact of solvent concentration on coating pick up from
the trough. It was seen in fig. 10 - 6 that PVC clear base with no solvent addition

experienced high ribbing phenomena on the picking up roll in comparison to 57.7 wt.%

solvent concentration.

(c) 57.7 wt. % Solvent, motion (d) 57.7 wt. % Solvent, no motion

Fig. 10 - 6: Photographs of PVC coating thickness on the pickup roll surface; during
roll rotation with ribbing phenomena (a) and typical coating thickness without ribs
when there isn’t roll rotation (b); PVC clear base at the top and 57.7 wt. % solvent at
the bottom.
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Furthermore, turbulence effects at the liquid-air interface were observed for PVC clear
base during roll rotation and it was believed that these instabilities were carried onto the
roll surface thus the development of ribs on the roll surface. Upon cessation of roll
rotation, PVC clear base did not fully level out from the appearing ribs despite longer

period the layer coating was left to settle.

57.7 wt. % solvated PVC coating showed a uniform coating thickness during roll rotation
and after roll rotation. The air and liquid interface showed a smoother curtain. This
implied that simpler liquids (Newtonian — like behaviour fluids and low elasticity)

experience fewer instabilities in comparison to complex liquids.

Fig. 10 - 7 shows the effect of solvent concentration on coating thickness with ribs (blue)

and without ribs (orange), picked up by the pickup roll when sliding speed is varied.

7000 7000.0
6000 - £ 6000.0
@
2 5000 = 5000.0
— o
S 4000 S 4000.0
2 =E
a2 3000 . s § 30000
N * < 2000.0
g 2000 g$e & o8 2 * 006 G0t 00
T 1000 I 1000.0 N .
) 5]
2 0 ¢ 2 0.0
30 .40 50 6 30 40 50
Sliding speed (m/min) Slding speed (m/min)
(a) 0 wt. % PVC Clear base
7000 7000
[72}
8 6000 * 8 6000
< 5000 S 5000
2 4000 £ 4000
2 P *£
253000 o ¢ 5 13000
o . —
& 2000 % 2000 *
T go ¢ o8 5 ¢ S0 00000
g 1000 T 1000
< o *
0 z 0
30.0 40.0 50.0 60 30.0 40.0 50.0 6C
Sliding speed (m/min) Sliding speed (m/min)

(b) 4 wt.% solvent t

205



7000 7000

£ 6000 8 6000
= 'z
8 5000 = 5000
o
_D:: 4000 = 4000
= = ’é\ -
353000 o ”"000 s33000 . o* IR 34 *
g 2000 ¢ § 2000
= T
T 1000 g 1000
Z 0 S 0
30 40 50 € 30 40 50 €
Sliding speed (m/min) Sliding speed (m/min)
(c) 36 wt. % solvent
7000 7000.0
2 8
2 6000 ‘= 6000.0
S 5000 2 50000
= =
%= 3000 L4 £2 3000.0
: ¢ 0T t%ee o o 0% e
I 2000 ]':5- 2000.0
o .
Zz 1000 3 1000.0
0] 0.0
30 40 50 30 40 50 ¢
Sliding speed (m/min) Sliding speed (m/min)

(d) 57.7 wt.% solvent

Fig. 10 - 7: Coating thickness with ribs (blue) and without ribs (orange) against
geometry speeds for PVC clear base (Top row), 4 wt. % solvent (second Top row), 36
wt. % Pigment (second Bottom row) and 57.7 wt. % Pigment (Bottom row).

Low solvent concentration (such as 0 and 4 wt. %) exhibited data scatter whilst high
solvent concentrations (such as 36 and 57.7 wt. %) exhibited a more stable/ uniform
response, and this was attributed to the ribbing phenomena that shifted along the roll
length and thus detected by the laser gauge sensor. Interestingly, as ribbing contribution
was excluded from the data, the thickness of the coating layer being picked up increased
with increased solvent concentration, and the vice versa was true for low solvent

concentration.

Fig. 10 — 8 summaries the effect of solvent concentration on coating layer thickness with
ribbing. Unlike coating thickness at a sliding speed of 34 and 56. 25 m/min, the average
coating thickness picked up from the trough increased with solvent concentration. In the
absence of ribs, fig.10 — 9, coating thickness increased with increased solvent

concentration at all sliding speeds.
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Fig. 10 - 8: Solvent concentration thickness (with ribbing contribution) against sliding
speeds.
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Fig. 10 - 9: Solvated PVC coatings thickness (without ribbing contribution) against
sliding speeds

Fig. 10 — 10 shows the effect of solvent concentration on ribbing phenomena during the

pick-up process of materials from the coating trough. It was seen that at low solvent

concentration, ribbing phenomena prevailed at less sliding speeds. However, ribbing
drastically reduced as sliding speeds decreased.
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It was possible that most of coating picked was accumulated within the ribs for low
solvent concentrations; therefore, excluding the ribs from the data during data analysis
would the final thickness calculated for low solvent PVC coatings. While negligible ribs
are seen for high solvent concentration, all the coating thickness on the roll is accounted
for during coating thickness calculation. This was more to do with experimental artefact
than material properties. Sliding speeds showed negligible effect on coating thickness
picked up. It was therefore deduced that material properties dictate over operating
parameters in determining coating layer thickness.
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Fig. 10 - 10: Rib contribution to coating thickness against solvent concentration.

Rib contribtuion (%)

The prevalence of ribbing at low solvent concentration was attributed to the contribution
of elasticity, high extensional rheology of PVC coatings and zero shear viscosity. At low
sliding speeds, shear and strain rates were believed to be unable to cause rearrangement
and restructuring of the polymer chains thus resistance to the flowing motion, viscosity,
which then contributes to ribbing contribution. Yang et al [35] studied the influence of
polymer additives on operating windows of slot die, and they found that polymer
additives will have ribbing instability at a lower coating speed. The technique used is
different, but the concept is the same as that employed in this work. Their results are in
line with the results in fig. 10 — 10 where low solvent concentration (high polymer
concentration) showed a higher percentage of ribbing contribution.
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At high sliding speeds, all solvent concentration exhibits the same ribbing contribution
and seen to be lower, and this was ascribed to high enough strain rates that consequently

reduce both shear and extensional properties to the acceptable degree.

10.4. CONCLUSIONS

The effect of Pigment and solvent concentration on the pick-up process of PVVC coatings
from the trough has been thoroughly investigated in chapter ten.

Unlike commercial coatings, ribbing contribution to the total flow for the solvated PVC
was highest at low speeds and high polymer concentration (low solvent concentration)
possibly due to higher viscous force and viscoelasticity at low sliding speeds.

In the presence of ribbing, pigment concentration influenced the quantity of coating picks
up from the trough; higher pigment concentrations exhibited a thicker coating layer on
the pick-up roll. However; the exclusion of the ribs from the data suggested the negligible
effect of pigment concentration on the coating layer thickness. This was credited to the
fact that a larger percentage of the coating is contained within the ribs, therefore the
exclusion of ribs reduces the accuracy of the data collected of coating thickness. The
same observation was made with a variation of solvent concentration on PVC coating

behaviour where ribbing contribution was higher for low solvent materials.

Though the concept of the Weissenberg effect (climbing rod effect) manifested by high
amplitudes of ribs on the pick-up roll and accompanied by the low frequency of the ribs
is out of the scope of this project, the manifestation of this phenomena was an interesting
phenomenon to observe. Its direct correlation to high pigment concentration and thus
viscoelasticity presents an opportunity to further study its effect in the pick-up process of

the roll coating process.

It was noticed that when ribs were excluded, sliding speeds of the pick-up roll had
negligible influence on the coating picked. This was expected as a great data is excluded
when the ribs are excluded from the data collected. None the less, material properties

were believed to influence coating to pick up from the trough than roll speeds.
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CHAPTER ELEVEN
DISCUSSIONS

As a result of the research work carried out in this thesis, there are several technical and
scientific points of discussion. These cover the practical implications of the work and the
fundamental aspects of the flow of non-Newtonian particulate laden polymeric fluids.
This chapter summarizes, below, these findings and identifies further work which is

worthy of investigation.

QC Methods

PMD mechanism

Limitation of the Mooney analysis with real paint systems
Ribbing phenomena

The roll rig as a model

2 A

Recommendations and future work
11.1. QC METHODS

The causes of change in rheology cannot be readily attributed to any ingredient in the
paint or the method by which it has been manufactured, thus rheology provides an
efficient method characterization. Both the QC methods at the supplier (as goods
despatched) and the customer (as goods in) are inadequate for identifying paints which
will cause problems in production. The single viscosity measurement can result in a false
positive pass for paints with significantly different shear thinning, thixotropic,
viscoelastic and extensional properties. Cleary any recommendations on the QC methods
which should be adopted need to take into account the time taken for each test, the human
resources level required to complete the test, the capital cost of the equipment and balance
these needs against the confidence with which coating batches are refused/ accepted

accurately.

The minimum requirement for QC is a viscosity profile across a wide shear rate range
which would not have identified the differences in behaviour of Plasticeram black
samples. However, a rheometer which allows some investigation of thixotropy would
have identified differences between the paints. This could be further validated using a

controlled stress rheometer where the elastic modulus gives a further means of material
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differentiation. While costs of such devices have dropped significantly over the last 20
years, capital costs would likely be in excess of £10K with testing being of the order of
30 minutes per sample. Further validation could be obtained through measurement of slip
behaviour, but this would likely require 2 — 3 hours per sample and its interpretation
would require significant post processing (which could be automated) and whose
interpretation is also reliant on theories which should not readily be applied to the coating
materials. Measurement of extensional viscosity remains a research laboratory

methodology and is impractical in an industrial environment.

The exact values required, and tolerances required may depend on the organic coating
being measured and the creation of reliable test which covers all pigments and coating
polymers is no trivial task. In the first instance, incoming coatings could be run against a
sample of a given paint which has successfully operated at the maximum production
speed and judgements made according to the deviation from this accepted behaviour.
Using multiple samples, a learning system could be used which where the relevant
coating samples were characterized and learn deviations from an ideal which could be

accepted without risk of failure.
11.2. PMD MECHANISM

Several mechanisms have been postulated which explains the PMD. From the
measurements and analysis carried out during the investigation, it has been concluded
that the pickup process is the primary cause of this, either by a slip or extension
mechanism at the point of pickup. There is direct experimental evidence for both
mechanisms and it is difficult to identify which mechanism dominates. The lack of a
definitive answer can be attributed to the difficulty in formulating a material where these

characteristics can be independently controlled.

This work has focussed on PMD, but other defects may arise due to rheological properties
of the coating that may not be compatible with operating parameters. For example, a case
study of streaks was briefly studied; a sample of a batch of coating susceptible to streaks
and the one that was versatile in industrial setting was studied. Note: the coatings were
metallic coatings. The two batches named Standard and Better coatings exhibited the
same shear flow properties (see Table 11 — 1); however, extensional viscosity (Fig. 11 —

1) varied greatly. The difference in extensional viscosity was ~ 23%. It was believed that
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higher extensional viscosity is compatible in high line speeds and therefore higher

quantities of coatings can be picked despite of fast-moving process.

Table 11 - 1: summary physical properties and shear flow properties of Metallic

coatings
Metallic o (mN/m) p Steady state shear Complex
coatings (Kg/m3)  viscosity, ug, (Pas) viscosity, p*,
(Pas)
Standard 19.93 1042 0.48 0.50
coating
Better coating 18.3 1000.4 0.50 0.50
Standard coating # Better coating
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Fig. 11 - 1: Extensional viscosity against strain rate

11.3. LIMITATION OF THE MOONEY ANALYSIS WITH REAL PAINT
SYSTEMS

The Mooney analysis has been established based on relatively simple fluids using dilute
polymeric solutions. This work has clearly illustrated that this correlation breaks down
rapidly if the polymer fraction is increased or any particulates are included in the material.
The applicability of the model cannot therefore be considered for these fluids. The
research work conducted on commercial coatings employing the Mooney analysis
showed a physical response accurately described the occurrence to apparent wall slip;

however, the number of slip characteristics such as relative slip contribution and
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anomalous layer thickness were significantly higher than what was expected and
therefore nonsensical. The Mooney analysis to apply to commercial coatings employed
in the roll coating process may require a “fudge” factor to put into consideration of paint
elasticity; effect of surface tension of the coatings and surface energy of the pick-up roll,

amongst other parameters.

Other potential methods of determining slip effects such as Nuclear Magnetic Resonance
(NMR) could provide a more accurate means of determining slip behaviour and
ultimately determine anomalous layer thickness on the pick — up roll. A class example of
using NMR was published by Gibbs et al [128] in their study titled “Rheometry and
detection of apparent wall slip for Poiseuille flow of polymer solutions and particulate
dispersions be nuclear magnetic resonance velocimetry” to identify velocity of within the

capillary.

11.4. RIBBING PHENOMENA

The ribbing phenomena experienced in the experimental trials on the roll coating rig is
fundamentally interesting from a fluid mechanics and rheological perspective. On a
laboratory scale, it had a significant impact on the pickup phenomena and its
measurement. There is a clear correlation between material rheology and the degree of
ribbing with more pigmented systems, and higher solvent fractions experiencing less
ribbing. It is postulated that the mechanisms behind these relationships are different. The
effect of increasing pigment fractions is to increase the number of nucleation points which
reduce the extensional viscosity during the extension flow. High pigment fraction in PVC
coatings was observed to reduce the rate of filament radius change and subsequent delay

in the film break uptime.

On the full-scale line, some ribbing is evident, but this has the tendency to disappear
before the contact nips (metering nip gap) and is not observed as film thickness variations
on the final coated product. Therefore, ribbing appearance observed in the laboratory
environment is significantly more visible than that experienced on an industrial coating

line.
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Further investigation of the ribbing phenomena using the current laboratory equipment
could be carried out using an increased number of laser displacement gauges but would
more reliably be examined through high-speed video image. Individual images could be
taken from the video stream and analysed using automatic image processing, e.g. in a
MATLAB environment. This could more accurately determine appropriate metrics to
examine the relationship between ribbing phenomena and material properties/
operational parameters. Such a study will have an impact in other areas as well as steel
roll coating.
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CHAPTER TWELVE

CONCLUSIONS AND RECOMMENDATIONS

12.1THESIS CONCLUSIONS

The thesis has investigated the impact of the interaction between the material properties

and the operation for a coil roll coating of steel substrates. As a direct result of the work,

the following can be concluded:

().

).

3)

(4).

Physical characterisation methods such rheological techniques can more clearly
identify deviations from ideal behaviour than chemical analysis and wetting
techniques. Thus, physical characterisation methods provide evidence for the

principle mechanisms of process failure.

The current QC system of rheological testing of organic coatings at Tata steel
colors is not fit for purpose. It allows materials which will exhibit paint misses to
pass into production. A more suitable QC system for PVC coatings has been
discussed and its limitations with regards to capital investments and skilled
workforce have been highlighted. When done correctly, rheological testing
provides a reliable method to identify the materials which may be prone to paint

misses.

The two mechanisms of PMD have also been addressed and the difficulty
involved in controlled one mechanism over the other is impractical, namely; film
break-up from the coating trough and AWS phenomena. The mechanism of PMD
is dominated by the extension and film break-up of the coating as the roll leaves
the coating trough. Those materials which exhibit a low extensional viscosity are
more prone to PMD. Extensional rheometry provides an ideal method for
characterizing coating materials and their tendency to exhibit PMD. However,
this is difficult in practice as commercial systems are not widely available.
Additionally, skilled staff members with rheological knowledge will have to be

employed to analyse data which adds to the cost of operating costs.

Mooney analysis does not completely represent coating flow through the roll
coating process and therefore further improvements to the model could be
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).

(6)

necessary to use it as a tool of representing material behaviour in the coating

trough and nip gaps.

AWS investigation showed discrepancies in the quantifiable results of relative
slip contribution and anomalous layer thicknesses. These discrepancies showed
limitations of the Mooney analysis method during the flow of highly pigmented
materials and viscoelastic coatings in small constrictions. However, the model
showed the great potential of applying to liquid coatings provided additional
terms that account for elasticity, surface tension, packing density and pressure
effects are included.

Additionally, the potential of employing rheology to predict the on-set of paint
streaks has been addressed. The initial work that was conducted on metallic
coatings shows the potential of expanding the rheological study of streaks which
will also enable the development of an inward QC system of materials that are

prone to streak manifestation.

122 RECOMMENDATIONS FOR FURTHER WORK

Great knowledge of the rheological impact of material behaviour on the coil roll coating

process has been obtained in this research. However, interesting further research

activities are expected to come from this research utilising the knowledge obtained. The

activities with the potential to push this project further include: -

(1) The QC system employed in Tata steel color at Shotton should be redefined using
controlled stress rheometer. The economic case for this should be developed in
terms of the loss of production due to incorrect diagnosis causes.

(2) The relationship between AWS slip behaviour of other pigmented PVC systems
such Ti02 pigmented systems should be investigated, as the interaction between
the rigid pigment and the elastic liquid is likely to be the key role in the slip
phenomena

(3) A refined model of the Mooney analysis should be adopted for elastic liquids and
this should also be refined for pigmented systems. This will need to include a term
for surface tension, surface energy, pressure effects, elastic modulus, temperature

effects, amongst others
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(4) Numerical models of the pick - up roll should be developed to investigate the role
of parametric material properties (which cannot be carried out experimentally) on
the pick-up due to ribbing phenomena, using a different software other than Ansys
fluent.

(5) Similar studies should be carried out on polyurethane, Polyvinylidene difluoride
(PVDF) and polyester coatings which are currently used at Tata steel colors in
Shotton. Although initial measurements and literature indicate that they are
rheologically simpler liquids, there would be a benefit in understanding the
interaction between the material and process.

(6) A methodology for accurate measurement of coating film thickness which is
picked up by the roll should be investigated. High-speed image capture and
processing would provide the necessary information.

(7) Preliminary work on utilising rheology to investigate paint streaks was conducted
in briefly mentioned in the discussion chapter. There is potential to push this
activity further because metallic coatings pose a challenge under industrial setting
due to aluminium flake orientation during coating deposition on the substrate.
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APPENDINCES

APPENDIX A: MATERIALS SAFETY DATA SHEETS (MSDS)

MSDS FOR PLASTICERAM BLACK

Conforms to Regulation (EC) No. 1907/2006 (REACH), Annex Il. as ded by Regulation (EU) No. 453/2010 W

PLASTICERAM: TOP A/S Black

SECTION 2: Hazards identification |

: Dispose of contents and container in accordance with all local, regional, national
and international regulations, |

: T-oxabicyclo{4.1,0}hept-3-yimethyl 7-oxabicyclo[4.1.0]heptane-3-carboxylate,

Disposal

Hazardous ingredients

triisotridecyl phosphite
Supplemental label : Not applicable
elements
Annex XVII - Restrictions  : Not applicable
on the manufacture,

placing on the market and
use of certain dangerous
substances, mixtures and
articles

2.3 Other hazards

Other hazards which do
not result in classification

: No additional information.

SECTION 3: Composition/information on ingredients

3.2 Mixtures : Mixture
Classification
Product/ingredient name Identifiers % Regulation (EC) No. Type
1272/2008 [CLP)
1-isopropyl-2, EC: 229-934-9 25- <7 Aquatic Chronic 3, H412 1
2-dimethyltrimethylene
diisobutyrate (5 - _%‘9 (8
V-3 |CAS: 6846-50-0
barium diboron tetraoxide EC: 237-222-4 21-<3 Acute Tox. 4, H302 (Wit}
e T CAS: 13701-59-2 Acute Tox. 4, H332
Cas =S 214 |ldex: 056-002-00-7
Distillates {petroleum), REACH #: 21-<1.6 Skin Irit. 2, H315 v}
hydrotreated light 01-2119484819-18
_|EC: 265-149.8 STOT SE 3, H335
( a5 = b )-HH8cas: 64742-47-8 Asp. Tox, 1, H304
Index: 649-422-00-2 Aquatic Chronic 2, H411
7-oxabicyclof4.1.0}hept- EC: 219-207-4 21-<16 Skin Sens. 1, H317 i
3-ylmethyl 7-oxabicyclo(4. 1.
OJheptane-3-carboxylate
A= 0.3 < C) CAS: 2386-87-0 Aquatic Chronic 3, H412
¥ See Section 16 for the full
il ; text of the H statements
C+r-0 declared above.

There are no additional ingredients present which, within the current knowledge of the supplier and in the
concentrations applicable, are classified as hazardous to health or the environment. are PBTs, vPvBs or Substances of
equivalent concern, or have been assigned a workplace exposure limit and hence require reporting in this section.

Type

{1] Substance classified with a health or environmental hazard

{2] Substance with a workplace

exposure limit

[3] Substance meets the criteria for PBT according to Regulation (EC) No. 1907/2008, Annex XIIl
[4] Substance meets the criteria for vPvB according to Regulation (EC) No. 1907/2006, Annex XIlI
(5] Substance of equivalent concemn

Occupational exposure limits, if available, are listed in Section 8.

[Dau of issuwDate of revision

120170808  Date of previous issue

120170728

Version :3.04

2n2

Fig.13 - 1: MSDS of Plasticeram Top Black showing coating constituents



MSDS FOR

BUTYL CARBDOL ACETATE (BDA)

Conforms 1o Regulation (EC) No. 1907/2006 (REACH), Annex |1, as amended by Regulation (EU) No. 453/2010

Butyl Cartito! Acetals

SECTION 9: Physical and chemical properties

Initial bolling point and
boiling range

Flash point

Evaporation rate
Flammability {solid, gas)

Upperiiower flammability or
explosive limits

Vapour pressure
Vapour density
Density
Solubility{ies)

Partition coefficient: n-octanol/ :

water

Auto-ignition temperature

D position temperature
Viscosity

Explosive properties
Oxidising properties

9.2 Other information
No additional information.

1 246°C

: Closed cup:. 116°C

: Not tested

: Not applicable.

: Not applicable. [Not considered to be flammable .]

: Not applicable.

: >1 (Air=1) (Calculation method)
: 0977 giem®

: Not tested

Not tested

: Not applicable.
: Not tested

: Not available.
: Not tested

: Not tested

SECTION 10: Stability and reactivity

10.1 Reactivity
10.2 Chemical stability

10.3 Possibility of
hazardous reactions

10.4 Conditions to avoid

10.5 Incompatible materials

: No specific test data related to reactivity available for this product or its ingredients.
: Stable under recommended storage and handling conditions (see Section 7).

: Under normal conditions of storage and use, hazardous reactions will not occur,

: When exposed to high temperatures may produce hazardous decomposition

products,

Keep away from the following materials to prevent strong exothermic reactions:
oxidising agents, strong akalis, strong acids.

10.6 Hazardous : Under normal conditions of storage and use, hazardous decomposition pfodudl
decomposition products should not be produced.
SECTION 11: Toxicological information I
11.1 Information on toxicological effects

FLN|
Iﬁm of issusDate of revision . 2017-68-08  Date of previous issue 2017-01-07 _ Version :1.01 sfwl

Fig.13 - 2: MSDS of BDA showing chemical and physical properties of solvent
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- ——

Safety Data Sheet
Product name : PETROSOL D 24727 " Date of issue: 28/032012.
Cod. CEPSA : 32272 ) Version: 3

SECTION 9: Physical and chemical properties

9.1 Information on basic physical and chemical properties

Appearance

Physical state : Liquid.

Color : Colorless

Odor : Characteristic, Hydrocarbon,

Odor threshold : Not avallable.

pH ¢ Not available.

Melting point/freezing point :— .-EEE__’_

Initial boiling point and boiling : 20010 290°C

range

Flash point 1 Closed cup: >30°C [Pensky-Martens |

Rt sticietd
Evaporation rate : Not available. '
Flammability (solid, gas) : Flammable in the presence of the following materials or conditions: open flames,
sparks and static discharge and heat.

Burning time : Not applicable.

Burning rate : Not applicable.

Upper/lower flammability or : Lower: 0,6%

explosive limits Upper: 7%

Vapor pressure : 0,006 kPa [20°C)

Vapor density : Not available.

Relative density : 800

Density : 0,75 to 0,85 glcm® [15°C]

Solubility(ies) : Insoluble in the following materials: cokd water and hot water.

Partition coefficient: n- : Not avallable.

octanol/water &

Auto-ignition temperature : 235°C_ D - <

Decomposition temperature : Not available, < :—- p ((N\

Viscosity : Kinematic: 0,02 to 0,05 cmé/s ,.\j\“" . N Y

Explosive properties : Not available. ) v \')\ >

Oxidizing properties : Not available. 8 J>// = s 3

(, / </ <\

9.2 Other information U«\f" e iy

No additional information. \ j AT o i - O

; ‘t/" \ _‘}_, &F C )\ I\ >
e Ty N

SECTION 10: Stability and reactivity Nl N R i B
101 Rueuvi'ty : No specific test data relatec to reactlvity available for this product or its ingredients.
10.2 Chemical stability : The product is stabla.
10.3 Possibility of hazardous : Under normal conditions of storage and use, hazardous reactions will not aoccur.
reactions '
10.4 Conditions to avoid . No specific data.
10.5 Incompatible materials  : No specific data.
10.6 Hazardous ¢ Under normal conditions of storage and use, hazardous decomposition praducts
decomposition products should not be produced.
CEPSA QUIMICA, S,A. 3 Date of issue/Date of revision  8Ra2012
Avda. del Partendn, 12 _ Page: 7/113
ES-28042 MADRID (ESPARNA)

Fig.13 - 3: MSDS of Petrosol showing chemical and physical properties of solvent
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APPENDIX B: REPEATABILITY AND RELIABILITY STUDIES FOR TGA-
DTG STUDIES.

To determine the accuracy of the thermal gravimetric analysis (TGA) experiments,
thermal analysis tests were repeated three times for both coatings, and the results are
presented in fig. 13 -3 and fig. 13 - 4. The standard deviation of TGA results for Coating
B and Coating S were 1 and 2%, respectively. Therefore, a standard deviation of 2% was
employed in this study.

Run 1 Run 2 —Run 3
120

100

Weight (%)
S D (0]
o o o

N
o

0 100 200 300 400 500
Temperature (°C)

Fig.13 - 4: Repeatability and reproducibility study of TGA curves on Coatings S.

Run 1 Run 2 —Run 3
120

100

80
60

Weight (%)

40
20

0 100 200 300 400 500
Temperature (°C)

Fig.13 - 5: Repeatability and reproducibility study of TGA curves on Coatings S.
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APPENDIX C: CHEMICAL ANALYSIS OF PLASTICERAM BLACK.

MICROSTRUCTURAL ANALYSIS ON STEEL WHEN COATING B IS THE
TOPCOAT

Elemental mapping was essential for identifying differences of inorganic compositions
between coating B and Coating S. Fig. 13 - 6. shows a micrograph from which elemental
analysis on the cross-section of the coated steel was conducted. There were four layers
identified on the cross-section of a coated steel, namely: steel surface, galvanising layer;
primer coating and the topcoat. Fig. 13 — 7 allocates the elements on the steels tested
samples

é :
Fig.13 - 6: Micrograph of coated steel from which elemental mapping was derived with
Coating X as the topcoat layer.

Al K series C K series

100pm

100pm

234



B K series Ca K series

100pm 100pm

Cl K series Cr K series

100pum 100pm

Fe K series Si K series

100pm

100pm
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Ti K series Zn K series

100pum 100um
Zr L series

100pm '

Fig.13 - 7: Electron mapping of cross-section of coated steel from which electron
mapping was derived with Coating B as the topcoat layer

Steel surface: traces of Iron (Fe), carbon ( C ), Calcium (Ca) was traced back to steel
layer, chromium (Cr), Titanium (Ti), and Zinc (Zn). Ti presence in steel layer was

believed to have leaked from other layers during grinding and polishing process.

Galvanised layer: Silicon (Si) and Zinc (Zn) were observed and this was ascribed to the

magi-zinc application.

The third layer: Traces of carbon ( C ), Chromium (Cr), Aluminium (Al), Titanium (Ti),
Zinc (Zn), calcium (Ca), traced back to the primer coating. Al was believed to have leaked

into other layers during sample preparation process.
Primer layer: Carbon (C ), Boron (b), Chlorine (CI) and Sodium (Na)

Topcoat layer: Carbon (C ), Boron (b), Chlorine (Cl) and Silicon (Si)
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MICROSTRUCTURAL ANALYSIS FOR COATING S

Fig. 13 — 8 shows the layers of coating on a steel surface. For coating X The same
elements observed for Coating B were the same as those observed for Coating S, as seen
in fig. 13 -09.

Fig.13 - 8: Micrograph of coated steel from which elemental mapping was derived with

Coating X as the topcoat layer.

Al K series B K series

100pum

100pum
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C K series Ca K series

100pm 100pm

Cl K series Cr K series

100pm 100pum

Fe K series O K series

100pm

100pm
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P K series Si K series

: 100pm ! : 100pum '
Zn K series

100pm

Fig.13 - 9: Electron mapping of cross-section of coated steel from which electron
mapping was derived with Coating S as the topcoat layer
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APPENDIX D: CHEMICAL ANALYSIS OF PLASTICERAM SUN
MERLIN
MICROSTRUCTURAL ANALYSIS ON STEEL WHEN COATING X

There were no differences in elements observed between Coating X (See Fig. 13 — 10)
and Coating Y (See Fig. 13 — 11)., the same elements with Plasticeram Black coatings

were also observed in Plasticeram sun Merlin

Electron Image 6

Al K series B K series

500pum 500pm
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C K series Ca K series

500um 500um

Cl K series Cr K series

|
500pm

500pm

Fe K series Mn K series

500pm 500pm

241



Na K series O K series

500um 500um

P K series Si K series

1 I 1

500pm 500pm

Ti K series Zn K series

500pm 500pm

Fig.13 - 10: Electron mapping of a cross-section of coated steel from which electron
mapping was derived with Coating X as the topcoat layer
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COATING Y

Electron Image 5

Al K series

B K series C K series

m can .~ 1 f !

500pum 500um

Ca K series Cl K series

v ™ cooum !

500pum 500um
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Cr K series Fe K series

500pum 500pum

Mn K series Na K series

500pum 500pm

O K series P K series

500pum

500pm
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Si K series Ti K series

e e— ——
500pum 500pum
Zn K series

| I |
500pm

Fig.13 - 11: Electron mapping of a cross-section of coated steel from which electron
mapping was derived with Coating Y as the topcoat layer
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APPENDIX E: SURFACE TENSION AND SURFACE ENERGY

DETERMINING CONTACT ANGLE ON THE PICK-UP ROLL, FROM THE POINT
OF IMPACT ON THE NIP

Roller coating process is constantly is a dynamic mode. Therefore, dynamic roller coating
process was conducted with consideration of coating rotation from the pick- up trough

(point A) to the middle of nip gap (point B) in fig. 13 — 12 below.

‘ Applicator roll

/ f\ Note: 60 seconds = 1 minutes

A

e \ Therefore, Line speed of 90

roll |
/ m/min =1.5m/s, and 70 m/min =
@ 1.17 m/s

Pick - up roll speed = 70 m/min
(1.17 m/s) and 90 m/min (1.5

—

Pick—Up roll

Coating trough

m/s)

Fig.13 - 12: Determination of contact on the pick - ) ) )
up roll The diameter of a pick-up roll is

256 mm (0.256 m)

Pick up roll speed = Applicator roll speed = Line speed

Rotational speed

Surface speed = — ,
Pick up roll Radius

Rotational speed = Surface speed x Pick up roll radius
Coating material travelling a distance of m, from the point of impact to nip gap
Also:
nradians = 3.14 = 180 degrees
AT LINE SPEED OF 90 M/ MIN

Rotational speed = ~2TY™R 0256
otationa Spee = 605‘econds X U. m

Rotational speed = 11.7 rad/s

T rads
11.7 rad/s

Travelling time =
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Travelling time = 0.27 seconds

AT LINE SPEED OF 90 M/ MIN

Rotational speed = 2™ 0956
otationa Spee = 605‘eC0ndS X U. m

Rotational speed = 9.11 rad/s

T rads
9.11 rad/s

Travelling time =
Travelling time =0.34 seconds
SURFACE ENERGY AND DYNAMIC CONTACT ANGLE MEASUREMENTS

Fig. 13 - 13 shows surface energy of Polyurethane and Acrylic primer coated Steel
substrate, and Clean ECCS and Unclean ECCS (ECCS with 5 nm organic layer of DOS)

—as a representation of the pick - up roll with and without a layer of coating.

Polyurethane Acrylic Unclean Clean

Primer coated Steel ECCS

Substrates
Fig.13 - 13: Surface energy of different surfaces

The pick - up roll achieved great wetting with the presence of organic layer compared to
a clean pick - up roll; ECCS with organic layer exhibited a surface energy of 40 mN/m
whereas a clean ECCS has a surface energy of 37 mN/m. The materials under study
showed surface tension values of 35 and 27 mN/m for Coating B and Coating S,
respectively. The results depicted that ECCS with organic layer has higher surface energy
to bring about the distortion of the droplet shape, and subsequently achieving good
wetting. This was attributed to the fact that cohesive forces are created between the
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deposited material (organic coating) and organic layer already settling on the primer

coated steel. Similarly, Acrylic primer - coated steel showed higher surface energy than

Polyurethane primer coated steel with a surface energy of 45 and 37 mN/m, respectively.

APPENDIX F: SHEAR RHEOLOGY OF PLASTICERAM BLACK COATINGS

DETERMINATION OF FLOW PROPERTIES

Flow indices were determined using a natural log — log plot (fig. 13 — 14) based on the

power-law model in section 2.3.

¢ Coating B Coating S

8
y =0.5515x + 2.5553 y =0.5891x + 2.4229
7
g6
g5
S .
& 3
= *
1
0
0 1 2 3 4 5 6 7 8
In (shear rate)/ 1/s
Fig.13 - 14: In — In plot of shear stress Vs shear rate
Table 13 - 1: Flow properties of Coating B and Coating S
Gradient Exp. (intercept)] R?
Coating B 0.555 18.2 0.93
Coating S 0.589 15.6 0.93
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CALCULATION OF POWER LAW FLOW PROPERTIES OF DYNAMIC SHEAR

RHEOLOGY

To determine the power-law parameters of the elastic modulus Vs frequency, a natural log-log

plot of elastic modulus against frequency employed — Fig. 13 — 15.

In (6" = Ink +1" In (w) (13 -2)

LN(G)

-3.00

COATING B:

¢ In(G) ——Linear (In(G")

3.50

3.00

2.50

2.00 y =0.3837x + 2.2734

R2=0.9955
1.50
1.00
0.50
0.00
-2.00 -1.00 0.00 1.00 2.00 3.00
Ln(freq)

Fig.13 - 15: In-In plot of G' Vs Frequency of Coating B

To determine the power-law parameters, a natural log-log plot of viscous modulus against

frequency employed. — Fig. 13 — 16, based on Egn. (13 - 3)

In (") = InK" +n"" In () (13- 3)
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In(G™)

-3.00

4.50
4.00
3.50
3.00
.50
2.00

y =0.544x + 2.7483
R2=0.9826

1.50
1.00
0.50

0.00
-2.00 -1.00 0.00 1.00 2.00 3.00

Ln(freq)

Fig.13 - 16: Ln-In plot of G” Vs Frequency of Coating B

To determine the power-law parameters of a natural In-In plot of Viscous modulus against

frequency employed, Fig. 13 — 17, based on Eqgn. (13 — 4).

In(v*)

-3.00

In (v*) =InK* +n” In (w) (13- 4)

15 y =-0.4924x + 1.076
R2 = 0.9844

-2.00 -1.00 0.00 1.00 2.00 3.00

-0.5
Ln(freq)

Fig.13 - 17: In - In plot of V* Vs Frequency of Coating B
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A summary of derived flow properties for Coating B are presented in Table 13 - 2
below.

Table 13 - 2:Dynamic flow properties of Coating B

K': (EXP(Intercept)’) n’: Slope R?
9.71 0.38 0.99
K": (EXP(Intercept)’’) n”: Slope R?
15.14 0.54 0.98
V*: (EXP(Intercept)*) n*: Slope R?
2.9 0.51 0.989
COATING S

To determine the power-law parameters of the elastic modulus Vs frequency, a natural log-log

plot of elastic modulus against frequency employed — Fig. 13 - 18

¢ InG) — Linear (In(G)) ~ Ao oot 0252

3

In(G")

0

-1 0 1 3
In(Freq)

Fig.13 - 18: In-In plot of G' Vs Frequency of Coating S

To determine the power-law parameters in a natural log-log plot of viscous modulus against

frequency employed. Fig. 13 - 19
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Ln(G™)

¢ In(G") ——Linear (In(G)F 0.6206x + 2.6644
45 R2 =0.9803

4

In(Freq)

Fig.13 - 19: In-In plot of G” Vs Frequency of Coating S

To determine the power-law parameters of a natural In-In plot of Viscous modulus against

frequency employed, Fig. 13 — 20.

In(v*)

2.5

y = -0.4025x + 0.9138
R2 = 0.96

0.5

-0.5

In(freq)
Fig.13 - 20: In - In plot of V* Vs Frequency of Coating B
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Table 13 - 3: Flow properties of Coating S

K': (EXP(Intercept)’ n’: Slope R?
6.2 0.6 0.970

K": (EXP(Intercept)”’ n”: Slope R?
14.4 0.4 0.980

V*: (EXP(Intercept)* n*: Slope R?
1.9 0.6 0.980

APPARENT WALL SLIP INVESTIGATION: GEOMETRY SIZE VISCOSITY
DEPENDENCE COATING B AND COATING S

Investigation of geometry size viscosity dependence was investigated on parallel plate

diameters of 20, 40 and 60 mm — see Fig. 13 - 21. The ratio of gap size to diameter was

kept constant at 10. It is seen that geometry size has the negligible effect of geometry

sizes on the obtained shear viscosity. Therefore, a 40 mm diameter was chosen for

subsequent investigation of apparent wall slip (AWS).

20 mm / 200 Microns

Shear Viscosity (Pas)
w ES ol » ~ 00] [{e}

N
o

200

40 mm/ 400 Microns —e—60 mm/ 60 Microns

400 600
Shear Stress (Pa)

800

Fig.13 - 21: Geometry size effect on shear viscosity.

1000
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APPARENT WALL SLIP INVESTIGATION: GAP SIZE VISCOSITY
DEPENDENCE COATING B AND COATING S

Fig.13 — 22 to fig. 13 - 27show apparent shear rate against inverse separation gap for
Coating B, while fig. 13 - 28 to fig. 13 - 33 show apparent shear rate against inverse
separation for Coating S. For both coatings, flow curves shifted at varying shear stresses,

illustrating AWS effects on the flow curves.

400 y =-0.0031x + 37.903 m109 Pa

350 e, y = -0.0069 + 80.423 210Pa

300

o =. 310 Pa
@ 250 y = -0.0128x + 138.26
2
g 200 y=-00101x+20068 0P
(.
= 150
o =-0.0260x + 27479  *°10F2
% 100
c
S 50 2
o
Q 9
2— 0
0 2000 4000 6000 8000 10000

Inverse gap (1/m)

Fig.13 - 22: Apparent shear rate against inverse gap flow curves Coating B, shear stress
range 109 — 510 Pa.

y =-0.0523x + 469.12

2500 +610 Pa
= 2000 -
3 i
) - =-0.0972x + 798.59 =710 Pa
§ 1500 - y
-
3 1000
S +=
1< y =-0.1503x + 1202.2 =810 Pa
@ 500
]
oX
< 0 -

0 2000 4000 6000 8000 00 12000

-500
Inverse gap (1/m)

Fig.13 - 23: Apparent shear rate against inverse gap flow curves Coating B, shear stress
range 610 — 810 Pa.
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3000

2500

2000

[
[n)
o
o

1000

500

Apparent shear rate (1/5)

-500

y =-0.1764x + 1411.5 ¢910 Pa

y =-0.2043x + 1628.8 990 Pa

2000 4000 6000 8000 0000 12000

Inverse gap (1/m)

Fig.13 - 24: Apparent shear rate against inverse gap flow curves Coating B, shear stress

400

350

300

250

200

150

100

50

Apparent shear rate (1/s)

0

range 910 — 990 Pa.

y =-0.0031x +33.868 w109 Pa

=-0. +64.22
y =-0.0059x + 64.229 210 Pa

y =-0.0092x + 97.506 310 Pa

y =-0.0131x + 136.19 x410Pa

y =-0.0219x + 208.09 ®510Pa
e
X
[ |

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Inverse gap (1/m)

Fig.13 - 25: Apparent shear rate against inverse gap flow curves Coating S, shear stress

range 109 — 510 Pa.
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1600 — y =-0.0392 +339.87 +610 Pa
1400 -
1200 )
_ y =-0.0749x + 60058 - /10Pa
1000 —
800

y=-0.1177x +913.28 =810Pa

Apparent shear rate (1/s)

FFF 5
0
-200

-400

0 2000 4000 6000 00 12000

Inverse gap (1/m)

Fig.13 - 26: Apparent shear rate against inverse gap flow curves Coating S, shear stress
range 610 — 810 Pa.
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. y =-0.1629x + 1249.7 €910 Pa
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Fig.13 - 27: Apparent shear rate against inverse gap flow curves Coating S, shear stress
range 910 — 990 Pa.
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APPENDIX G: PLASTICERAM SUN MERLIN - SHEAR RHEOLOGY
Power law properties OF Plasticeram grey samples were determined through steady-state

curves and dynamic oscillatory rheometry using the same methodology as Plasticeram
black coatings.

Apparent wall slip/ stick investigation: Apparent shear rate against shear stress
COATING X

y =-1E-04x + 1.1903
180 10.2 Pa

& 160 Py y =-0.0023x + 25.977
) 109 Pa
@ 140 ° y = -0.0052x + 56.599
£ 120 . 210 Pa
< 100 y =-0.0085x +91.05
2 g %310 Pa
b y = -0.0122x + 128.82
Sf’ > ©410 Pa
g 40
g 4

0

0 2000 4000 6000 8000 10000 12000

Inverse gap size (1/m)

Fig. 1: Apparent shear rate against inverse gap flow curves Coating X, shear stress
range 109 — 410 Pa.

450

400 -
» 350 B
~
=) y =-0.0166x + 172.33 *>10Pa
o 300
s}
<
S 250
S F
2 200
7] y =-0.0286x + 268.6
E 150 =610 Pa
L
< 100
o)
< 0 r

0
0 2000 4000 6000 8000 10000 12000

-50

Inverse gap size (1/m)

Fig.13 - 28: Apparent shear rate against inverse gap flow curves Coating X, shear stress
range 510 — 610 Pa.

257



3000

" 910 Pa
2500 P y =-0.212x + 1646.6

D

=, 2000

Q

T 1500 y = -0.1664x + 1263.2 990 Pa

§ 1000

S 500 -

s L DY

. ' - .

< 0 2000 4000 6000 8000 0000 12000
-500

-1000

Inverse gap size (1/m)

Fig.13 - 29: Apparent shear rate against inverse gap flow curves Coating X, shear stress
range 910 - 990 Pa.
COATING X

The same behaviour was seen for coating Y. It was therefore concluded that the Mooney
analysis was a poor fit for commercial coatings.

APPARENT WALL SLIP/ STICK INVESTIGATION: ANOMALOUS LAYER
THICKNESS

100 Microns <200 Microns x 300 Microns @ 400 Microns + 500 Microns
=600 Microns =700 Microns ¢ 800 Microns ¢ 900 Microns

100000.0
10000.0 ﬁw
N A
g
= o
S10000
100.0
1.0 10.0 100.0 1000.0 10000.0

Sliding speed (m/min)

Fig.13 - 30: Anomalous layer thickness with sliding speed for Coating X
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ANOMALOUS LAYER THICKNESS FOR COATING Y

100 Microns 200 Microns x 300 Microns
® 400 Microns + 500 Microns =600 Microns
=700 Microns ¢ 800 Microns ¢ 900 Microns

100000

10000
£ 45
3 e
oo"’ X

o,
1000 »
100
1.0 1000.0 10000.0

10.0 .. .. 100. .
Sliding speeg (m/min)
Fig.13 - 31: Anomalous layer thickness with sliding speed for Coating y

The anomalous layer thickness was larger than the gap size. This shows a breakdown of
the Mooney analysis. The physical response makes scientific sense.

APPENDIX H: PLASTICERAM SUN MERLIN - EXTENSIONAL
RHEOLOGY

(1) Progressive thinning of filament radius with time

¢ Coating X m Coating Y
1
0 0.2 0.4 0.6 0.8

i

S o1
£
04
£

o
0.01 :
Time (S)

Fig.13 - 32: Progressive thinning of filament radius as a function of time
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A delayed filament break was observed for Coating X than Coating Y. Therefore,

coating X has a higher extensional viscosity than coating Y.

APPENDIX I: SURFACE TENSION AND DESNISTY OF MODEL PVC

COATINGS

(1) Density and surface tension of Model PVVC coatings

Table 13 - 4 and Table 13 - 5 summaries surface tension and density measurement of 0.7 and 1.7

wt.% pigment concentration. As expected, density measurement increased with pigment

concentration due to higher solid content.

Table 13 - 4: Surface tension and density of pigmented model fluids

Pigment concentration Surface tension Density
[ wt.%] [MN/m] [kg/mq]

0.7 18.5 1184

1.7 13.3 1230

Table 13 - 5: surface tension and density solvated model PVVC coatings

Solvent (wt. %) Density [kg/m?] Surface tension [mMN/m]
0 1030 22.9
4 1219.6 28.4
8 1085.3 28.9
12 1094 24.4
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APPENDIX J: EXTENSIONAL RHEOLOGY OF MODEL PVC COATINGS

BOND NUMBER AGAINST DIMENSIONLESS NUMBER

The bond number against filament radius for pigment concentration in fig. 13 -33 and
fig.13 — 34. The bond number increased with increased filament radius; however, a
steeper gradient was for highly pigmented fluids than highly solvated PVC coatings.

¢ 1.7 wt.% Pigment 0.7 wt.% Pigment m PVC clear base

0.45
0.4
_ 0.35
8 03
€ 0.25
S 02
S 0.15
@ 91
0.05 n N
0 s
0 01 02 03 04 05 06 07 08

Dimensionless radius

Fig.13 - 33: Bond number against filament radius for Solvated PVC coatings

B PVC resin base 8 wt.% Solvent x 12 wt.% Solvent A 4 wt.% Solvent
0.2

0.18

0.16

= 0.14

€0.12

2 01

2 0.08

@ 0.06

0.04

0.02

0 o

0 0.1 0.2 0.3 0.4 0.5
Dimensionless radius

Fig.13 - 34: Bond number against filament radius for pigmented PVC coatings
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APPENDIX K: PARAMETRIC STUDIES USING A ROLL COATING

RIG
RIG CALIBRATION

Fig.13 — 35 to 13 - 38 show calibration studies conducted on the pick- up roll coater rig. The
presence of background noise during pick-up roll rotation and when in the motionless state was

observed in this study. This was also considered during data analysis.
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Fig.13 - 35: This is a test of running for over 100s to test the laser measurement system when
the roll is rotating at 113.0 m/min
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Fig.13 - 36: A test without any movement of the roll, just background noise
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Fig.13 - 37: A test without any movement of the roll, just background noise
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Fig.13 - 38: This is a test of running for over 100s to test the laser measurement system when
the roll is rotating at 113.0 m/min
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Fig.13 — 39 shows the determination of the standard deviation of the voltage against layer

thickness. For every 1um thickness, the standard deviation is 6.3 mV.
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Fig.13 - 39: Relationship between Voltage differences and position

Fig. 13 — 40 shows the relationship between voltage and substrate thickness. There is a direct

proportionality between voltage output and substrate thickness. The equation derived this relation

was employed in the determination of coating thickness and roll speeds.
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Fig.13 - 40: Relationship between Voltage differences and substrate thickness
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APPENDIX L: PARAMETRIC STUDIES USING COMPUTATIONAL FLUID
DYNAMICS (CFD) MODEL OF A RIG AS A MODEL

The initial aim of the laboratory scale investigations was to parametrically investigate the
impact of coating liquid properties and operational parameters on the coating pick up
mechanism. While this was partially successful, the presence of ribbing introduced some
additional difficulties into the investigation. The inability to accurately mimic on the
laboratory scale (geometry reduced by a factor of 8.5) the full-scale coating roll and
coating trough were attributed to scale. By reducing the geometrical size of the rig, while
maintaining the physical properties of the coating, maintaining even simple Reynolds
number similarity becomes difficult without increasing the speed by the same ratio. This
was impractical due to rotational speed limits and spray and thus factors as extension
rates and surface effects would also differ. To fully understand the interactions, it is likely
that a full-scale roll in coating trough is used. This adds significantly to the capital and

operational cost as well as the volumes of liquid coating required.

An attempt was made to model the phenomena (to account for changes in scale) using
the commercial finite element code within the Ansys environment, Fig.13 - 41, which

examined a rotating roll in a fixed geometry coating trough.
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Fig.13 - 41: Model of the coating trough designed in Solid works and simulations run in
Ansys fluent
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The model aimed to numerically investigate the relationship between the material
properties, process parameters and the wider fluid flow in the coating trough, including
the pick-up ability of the rotating roll. The model was designed in three parts, namely;
coating trough made from steel, pick-up roll made from steel and the liquid — material
properties varied depending on the rheological properties previously obtained from shear

rheology.

After many modifications to the model and an exploration of the operational ability, this
work was terminated as it became evident that an alternative software solution was
required where custom solution domain and physical models would need to be adjusted/
developed. This would need to deal with the free surface flows, near-wall sticking

phenomena and introduce some of the unique material properties.

Although this was not deemed an appropriate use of time within the current project, there
is merit in developing a numerical solution of the coater as a standalone project using the
data generated in this thesis. Fig. 13 — 42 and Fig. 13 — 43 show the generated contour
plots of shear stress (left) and the resultant Shear rate (right) distribution in the coating

trough of Coating B and 3.52 wt. % pigmented PVC coating.

(a) Shear stress distribution at 3.75 (b) Shear rate distribution at 3.75 rad/s
rad/s
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Fig.13 - 42: CFD modelling of Coating B flow in the coating trough at different
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Fig.13 - 43: CFD modelling of 3.5 wt. % of Pigmented PVVC coating flow in the coating
trough at different rotational speeds

Pick up rotational speeds of 3.75, 7.5 and 10 rad/s were investigated. It was seen that
pigment concentrations affected the distribution of shear stress and shear rate. And for
materials that are prone to AWS, intermittent stagnant and lubricating layers are likely to
occur near the pick-up roll thus PMD.
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