Solutions to Blistering: Modification of a Poly(urea-courethane) Coating Applied to Concrete Surfaces

Eleni Papadopoulos (BE. Hons, BSc.)

Thesis submitted to the faculty of Science and Engineering
of Flinders University
in fulfilment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY
in
CHEMISTRY
Dr Stephen Clarke
Dr Milena Ginic-Markovic

December 2008
Adelaide, South Australia

Dedicated to
my mum, dad, sisters,
papou and yiayia

Table of Contents
Summary…………………………………………………………………………….vi
Declaration………………………………………………………………………....viii
Acknowledgements……………………………………………………………….... ix
List of Figures……………………………………………………………………….. x
List of Schemes……………………………………………………………………. xvi
List of Tables……………………………………………………………………... xvii
Glossary…………………………………………………………………………… xix
Chapter 1 – Introduction……………………………………………………….......1
1.1 Background ............................................................................................................ 2
1.2 Literature Review ................................................................................................... 4
1.2.1
Polyurethane and polyurea reaction chemistry ........................................ 4
1.2.2

Isocyanates ............................................................................................... 8

1.2.3

Polyols .................................................................................................... 10

1.2.4

Emulsion technology .............................................................................. 11

1.2.5
Kinetics of competing reactions: Presence of Water and the production
of Carbon dioxide ....................................................................................................... 14
1.2.6

Catalysts ................................................................................................. 17

1.2.7

Theory of Reaction Kinetics................................................................... 19

1.2.8

1.2.7.1

Thermal techniques ........................................................................ 19

1.2.7.2

Rheological techniques................................................................... 26

1.2.7.3

Spectroscopic techniques ............................................................... 29

Fillers ...................................................................................................... 31

1.3 Aim and Scope ..................................................................................................... 35
1.4 Thesis outline ....................................................................................................... 38
1.4.1
Publications ............................................................................................ 40
1.4.2

Conference Presentations ....................................................................... 40

1.5 References ............................................................................................................ 42
Chapter 2–Characterisation Techniques…………………………......................52
2.1 Fourier Transform Infrared (FTIR) ...................................................................... 53
2.2 Differential Scanning Calorimetry (DSC) ............................................................ 54
i

2.3 Thermogravimetric Analysis (TGA) .................................................................... 56
2.4 Dynamic Mechanical Analysis (DMA) ................................................................ 56
2.5 Rheology .............................................................................................................. 58
2.6 Carbon Dioxide Test Method ............................................................................... 59
2.6.1
Establishing the test method ................................................................... 60
2.7 Error analysis ........................................................................................................ 63
2.8 References ............................................................................................................ 64
Chapter 3- Investigation into the main reactions in the product………………66
3.1 Part 1: Kinetic study of the Polyurethane reaction between Castor Oil and PMDI .
........................................................................................................................ 67
3.1.1
Introduction ............................................................................................ 67
3.1.2

Experimental .......................................................................................... 69
3.1.2.1

Materials and sample preparation................................................... 69

3.1.2.2

Methods .......................................................................................... 70

3.1.2.2.1 DSC Measurement ..................................................................... 70
3.1.2.2.2 Rheological Measurement .......................................................... 71
3.1.2.2.3 Infrared Spectroscopy................................................................. 71
3.1.2.2.4 Dynamic Mechanical Analysis (DMA) ...................................... 72
3.1.3

Results and Discussion ........................................................................... 73
3.1.3.1

Investigation of the reaction kinetics through DSC ....................... 73

3.1.3.2

Investigation of the castor oil and PMDI reaction through rheology
…………………………………………………………………….76

3.1.3.2.1 Kinetic Analysis through the point of gelation .......................... 76
3.1.3.2.2 Kinetic Analysis from Viscosity data ......................................... 84
3.1.3.2.3 Kinetics of complex viscosity during the initial stages of cure .. 86
3.1.3.3
3.1.4

Kinetic studies through FTIR ......................................................... 91

Conclusions ............................................................................................ 95

3.2 Part 2: Investigation into the curing kinetics of the Polyurea reaction between
Water and Isocyanate ................................................................................................. 96
3.2.1
Introduction ............................................................................................ 96
3.2.2

Materials and Methods ........................................................................... 96
3.2.2.1

Materials and sample preparation................................................... 96

3.2.2.2

Methods .......................................................................................... 98

3.2.2.2.1 Blister Simulation Experiment ................................................... 98
ii

3.2.2.2.2 PDSC measurements- Water and PMDI .................................... 98
3.2.2.2.3 Carbon dioxide Measurements ................................................... 98
3.2.2.2.4 FTIR Analysis ............................................................................ 98
3.2.3

Results and Discussion ......................................................................... 100
3.2.3.1

Blister Simulation ......................................................................... 100

3.2.3.2

Curing Kinetics of the water and isocyanate reaction through PDSC
………………………………………………………….....……..102

3.2.3.3

Volumetric Analysis of Carbon Dioxide Evolution ..................... 110

3.2.3.4

Cure Kinetics through FTIR ......................................................... 115

3.2.4

Conclusions .......................................................................................... 117

3.2.5

References.....................................................................................................118

Chapter 4 - Investigation into the reaction kinetics of glycerol and the
commercial diisocyanate resin…………………………………………………...121
4.1 Introduction ........................................................................................................ 122
4.2 Materials and Methods ....................................................................................... 124
4.2.1
Materials and sample preparation......................................................... 124
4.2.2

Methods ................................................................................................ 125
4.2.2.1

DSC Measurement ....................................................................... 125

4.2.2.2

Rheological Measurement ............................................................ 126

4.2.2.3

Mid and Near Infrared Spectroscopic Analysis ........................... 126

4.2.2.4

Dynamic Mechanical Analysis ..................................................... 128

4.3 Results and Discussion ....................................................................................... 129
4.3.1
Investigation of reaction kinetics through DSC for the stoichiometric
ratio
…………………………………………………………………….......129
4.3.1.1

Applicability of kinetic models .................................................... 132

4.3.1.2

Isoconversional methods .............................................................. 138

4.3.1.3

Kinetic differences of the primary and secondary hydroxyls ..... ..141

4.3.2
PMDI

Rheological investigation of the stoichiometric ratio of Glycerol to
…………………………………………………………………….......143

4.3.3

Investigation of the critical ratio of glycerol to PMDI ........... ……..…149

4.3.4
Kinetic analysis of the critical ratio using isconversional methods for
DSC data...................................................................................................................152
4.4 Conclusions ........................................................................................................ 157
4.5 References .......................................................................................................... 158

iii

Chapter 5- Polyol Emulsion......................................................................…….....161
5.1 Introduction ........................................................................................................ 162
5.2 Experimental ...................................................................................................... 165
5.2.1
Materials ............................................................................................... 165
5.2.1.1
5.2.2

Emulsion preparation ................................................................... 165

Experimental techniques ...................................................................... 168
5.2.2.1

Rheological characterisation ........................................................ 168

5.2.2.2

Conductivity measurements ......................................................... 169

5.2.2.3

Carbon Dioxide measurements .................................................... 169

5.3 Results and Discussion ....................................................................................... 170
5.3.1
Changes in the emulsion structure........................................................ 170
5.3.1.1
5.3.2

Effect on carbon dioxide production ............................................ 173

Variations to the simple emulsion ........................................................ 174
5.3.2.1

Emulsion stability ......................................................................... 175

5.3.2.2 The effect of varying emulsion composition on carbon dioxide
evolution and the crosslinking reaction during the reaction with PMDI ..... 179
5.3.3
Effect of various emulsion components on the stability of the control
emulsion and its subsequent effect on carbon dioxide evolution ............................. 183
5.3.3.1
5.3.4

Effect of the non-curing components on carbon dioxide evolution
…………………………………………………………………...185

Addition of a second polyol ................................................................. 187
5.3.4.1

Straight addition of glycerol to emulsion ..................................... 188

5.3.4.1.1 Flow properties ......................................................................... 188
5.3.4.1.2 Carbon dioxide tests ................................................................. 189
5.3.4.2 Fractionating the control emulsion with glycerol by removing
castor oil …………………………………………………………………...191
5.3.4.2.1 Flow properties ......................................................................... 192
5.3.4.2.2 Carbon dioxide tests ................................................................. 193
5.3.4.3

Addition of glycerol to the control polyol emulsion at 4% w/w .. 195

5.3.4.3.1 Rheological investigation of the reaction between emulsions and
PMDI……………………………………………………………………195
5.3.4.3.2 Carbon dioxide rate analysis .................................................... 198
5.4 Conclusions ........................................................................................................ 198
5.5 References………………………………………………………………….......200
Chapter 6 - Reactive Aggregate and Combined Solutions………………….....202
6.1 Introduction ........................................................................................................ 203
iv

6.2 Materials and Methods ....................................................................................... 204
6.2.1
Materials and sample preparation....................................................... 204
6.2.2

Methods .............................................................................................. 206
6.2.2.1

TGA ............................................................................................ 206

6.2.2.2

Carbon dioxide Measurement ..................................................... 206

6.2.2.3

DMA ........................................................................................... 206

6.2.2.4

Ageing tests ................................................................................. 207

6.3 Results and Discussion ....................................................................................... 208
6.3.1
Characterisation of the current industry ratio and improvements ...... 208
6.3.2

Ageing of cement ............................................................................... 210
6.3.2.1

Carbon dioxide environment ....................................................... 211

6.3.2.2

Relative humidity environment ................................................... 213

6.3.3
Characterisation of the cured material using DMA for comparison of
various proposed solutions ....................................................................................... 215
6.4 Conclusions ........................................................................................................ 219
6.5 References .......................................................................................................... 220
Chapter 7 – Conclusions and Recommendations.................………………......221
Appendix A – Material Characterisation.............……………………………...228
1 PMDI...................................................................................................................229
2 Analysis of raw materials ...................................................................................232

v

Summary
Blistering, during cure, resulting in subsequent coating delamination has been found
to occur in a poly (urea-co-urethane) cement composite coating used for the
protection of new and existing industrial concrete surfaces. Refurbishment of the
blistered material, leads to time delays and increased costs.
The reaction kinetics within this product is complex due to one of the reactants being
water dispersed. The presence of water causes carbon dioxide evolution during cure
through the decomposition of carbamic acid formed from the reaction between water
and isocyanate functional groups of the resin. Water also reacts with cement and lime
in the reactive aggregate, thus a multitude of reactions occurs, during cure of these
complex materials.

Due to the complexity of the composite coating, the cure

chemistry for the polyurea and polyurethane reactions were investigated individually,
with reference to the reactant ratios used by the industry. Although the competing
reactions between isocyanate and hydroxyl groups and isocyanate and water
molecules has been studied extensively for monomeric systems, carbon dioxide
reduction in these systems has resided in the use of catalysts to increase the rate of
the preferred reaction. This solution was not economically viable nor was it practical
for the industry partners. Solutions were therefore aimed at the reduction or
elimination of carbon dioxide in the coating formulation through the addition of a
slower reacting polyol. Glycerol was chosen as the slower reacting polyol, because
of its ability to reduce the viscosity of the polyol emulsion as well as increase gel
times, improving the coating’s pot-life and application ability.
The relative rates of cure of the polyurethane/polyurea reactions have not previously
been attempted for oligomeric isocyanates with tri-functional polyols, such as castor
oil and glycerol dispersed in water. There was a lack of literature describing cure of
oligomeric isocyanates and polyol emulsions and the rate of carbon dioxide evolution
from these systems. A novel Pressure Differential Scanning Calorimetry (PDSC)
technique was used to understand the cure of the polyurea reaction as well as the
carbon dioxide evolved from this system and was compared to volumetric tests for
this system. The effect of changing the ratios of isocyanate and the reactive
components of the polyol emulsion on carbon dioxide evolution was therefore
investigated. Understanding how these changes affect the application of the coating
vi

system was also taken into consideration through rheological assessment of the
polyol formulation. Hydrated lime or quicklime, added to polyurethane coatings was
found to aid in the absorption of carbon dioxide, therefore improvements to the
cement aggregate by the addition of hydrated lime or quicklime was also considered.
The curing mechanism for the composite coating containing the cement and inert
fillers was out of the scope of this thesis.
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Glossary
Abbreviations
A(0)

Area underneath peak in FTIR spectra at zero time

A(t)

Area underneath peak in FTIR spectra at time t

Ap

Partial area underneath exothermic peak from DSC curves

At

Total area underneath exothermic peak from DSC curves

ATR

Attenuated Total Reflectance

COn

Castor Oil fraction in emulsion series with total number of
emulsions equal to n

COD

Coefficient of Distinction

DEG

Diethylene Glycol

DMA

Dynamic Mechanical Analysis

DOF

Degrees of Freedom

DOP

Dioctyl Phthalate

DSC

Differential Scanning Calorimetry

DTGS

Deuterated Triglycine Sulfate

DVLR10

Commercial

name

for

oligomeric

diphenylmethane

diisocyanate obtained from Bayer Chemicals
Ea

Apparent activation energy

Fn

Fillers formulation with total number of formulations equal to
n

FTIR

Fourier Transform Infrared

G′

Storage modulus/elastic modulus

G″

Loss modulus/viscous modulus

Hiso

Isothermal heat of reaction from DSC exotherms

HLB

Hydrophilic-Lipophilic Balance

Hres

Residual heat of reaction from DSC exotherms

Hrxn

Heat of reaction

HT

Total heat of reaction from DSC exotherms

k

reaction rate constant

KBr

potassium bromide

NCO

Isocyanate functional groups
xix

NIR

Near Infrared

NMR

Nuclear magnetic Resonance

OH

Hydroxyl functional groups

P

Pressure

Pn

Polyol

emulsion

formulation

with

total

number

of

formulations equal to n
PDSC

Pressure Differential Scanning Calorimetry

PMDI

oligomeric diphenylmethane diisocyanate

PO

Pine Oil

R

Universal gas constant

RH

Relative Humidity

Sn

Surfactant fraction in emulsion series with total number of
emulsions equal to n

SO

Silicone Oil

tan δ

tan of the Loss angle δ

TDI

toluene diisocyanate

TGA

Thermogravimetric Analysis

tg

gel time

Tg

Glass transition temperature

Tp

Peak temperature obtained in DSC exotherms

VOC

Volatile Organic Compound

Wn

Water fraction in emulsion series with total number of
emulsions equal to n

Greek alphabet


conversion

β

heating rate in non-isothermal DSC

*

complex shear rate



represents change in a value

δ

loss angle in rheological analysis

ε

extinction coefficient in Beer-lambert’s law

η

viscosity obtained by rheological analysis

*

complex shear stress
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Terminology
Carbon dioxide evolution. Evolution of carbon dioxide specifically from the
reaction between isocyanate and water in the coating measured through volumetric
tests.

Diffusion control. Also known as vitrification, used to describe kinetics of cure
when the material is cured below the glass transition temperature and there is a
change from a chemically controlled system.

Gel time. The gel time is the time at which the reaction has reached a constant
conversion, when an infinite molecular crosslinked network has formed.

Pot-life. The pot-life is considered as the time at which the mixed coating
formulation is workable before application and is dependent on the gel time of the
reactions.

%Reduction in CO2. This is a measure of the change in carbon dioxide levels
between the control sample and that which is being compared. These values are
specifically obtained from the volumetric tests performed.

Viscosity build-up. The build up in viscosity represents the molecular weight
growth of the polymer during rheological analysis.

Volumetric analysis. This term is used for all tests which measures the amount of
carbon dioxide evolved from the coating mixture using the apparatus described in
Chapter 2.
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