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Abstract

The work presented within this thesis was focused on the development of a novel
polyurethane adhesive which could be used in the construction of sunglass lens. This
adhesive must satisfy certain objectives: (i) the cured adhesive must be optically clear
with the final haze value < 1.5% when laminated between two layers of plastic, (ii) the
adhesive must bond cellulose triacetate, bisphenol-A polycarbonate and any other
laminate combinations containing these plastics, (iii) each fully cured laminate must
have a peel strength of > 3 N mm™ as determined by 180° T-peel testing and (iv) the
fully cured adhesive must be free of thermal transitions within the window of -20°C to

100°C which would otherwise affect the in-use performance.

To achieve these aims a series of aliphatic and aromatic polyurethane adhesive based
on IPDI and MDI were formulated. Within these formulations a range of softsegments
were used which included PPG, PCD and PDEGA. Finally, less conventional chain-
extenders were used to improve the final haze value of the adhesive. Cellulose
triacetate was tested both as received and following saponification of the interface.
Polycarbonate was used as received and following pre-treatment of the interface by an

ethanolamine in isopropyl alcohol solution.

The results within this thesis have shown that adhesion to multiple interfaces is a
complex task. Using MDI-based adhesives it was shown that the compatibility with
polycarbonate was high and surface pre-treatment by ethanolamine was not required.
In most instances, peel strengths of > 3 N mm™ were obtained. Cellulose triacetate
however, had a poor compatibility with MDI-based polyurethanes. In all instances the
peel strength obtained was < 1 N mm™. In order to obtain laminates of > 3 N mm
saponification of the interface was required. Deacetylation of the interface leaves a
regenerated cellulose surface and these labile hydroxyl groups able to react with the
isocyanate groups within the prepolymer adhesive. Obtaining MDI adhesives of low
haze was not straight forward. It was shown that using noncrystalline soft-segments
such as PPG and PDEGA was the best approach but their application was problematic.
Due to the requirement for surface treatment of cellulose triacetate and the difficulty

of application, MDI-based polyurethanes were thus shown not to be appropriate.



Following this IPDI-based adhesives were next tested. For these adhesives, noticeable
differences in both the adhesion behaviour and the haze values were observed. Moving
to an aliphatic isocyanate improved the compatibility with cellulose triacetate, whilst
not reducing the performance with polycarbonate. When using either PPG or PCD,
low peel strengths values where obtained with cellulose triacetate and like MDI-based
adhesives saponification was required for high peel strength. When using the soft-
segment PDEGA however, peel strength of > 3 N mm! were obtained and this value
was obtained regardless of surface treatment. It was shown that this improved
adhesion was linked to IPDI-based adhesives having a phase-separated morphology
which promotes adhesion by hydrogen bonding. This phase-separated morphology
was also advantageous towards the haze, with values well inside the 1.5% obtained.
Thus it was shown that in order to obtain an optically clear adhesive with a haze of <
1.5% that is void of thermal transition between -20°C to 100°C and can bond either
untreated cellulose triacetate or polycarbonate with a peel strength of >3 N mm™ was

only possible using a polyurethane adhesive based on IPDI and PDEGA.
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and overview of inside the scanning analysis chamber (b).

Figure 2.11: DSC thermogram of a typical semi-crystalline polyurethane
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XXV



segment crystallisation exotherm (2) at 10°C, soft segment melting endotherm (3)
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Figure 2.12: Schematic of the solid to liquid transition as represented by the
change in specific volume with increasing temperature. A-B-C is a completely
amorphous material, A-D-E-F is a semi-crystalline material and A-G-H is a
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Figure 2.13: TA Q50 TGA instrument displaying highlighted platinum sampling
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Figure 2.14: TGA degradation curve of a cured polyurethane adhesive (solid
black) obtained under argon, complete with first derivative of the degradation
curve (dashed black).
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the effect they have on the appearance of an image.
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Figure 3.01: General reaction scheme for the synthesis MDI-TMP-PPG based
chain-extended polyurethanes adhesives. 1 = MDI, 2 = PPG, 3 = TMP, 4 =
MDIPPG prepolymer, 5 = end capped MDI-TMP, 6 = chain-extender and 7 =
chainextended prepolymer.

Figure 3.02: Structure of chain-extenders used to disrupt hard-segment
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Figure 3.03: 'H NMR spectrum of MDI-TMP-PPG polyurethane prepolymer in
deuterated chloroform.

Figure 3.04: 3C NMR spectrum of MDI-TMP-PPG prepolymer in deuterated
chloroform.

Figure 3.05: MALDI-MS spectra of PPG starting materials in red and the
prepolymer MDI-TMP-PPG in black. Both were mixed with the matrix material
of dithranol and sodiated trifluoroacetic acid in a 1:8 sample:matrix mixture.

Figure 3.06: DSC thermogram of catalyst free MDI-TMP-PPG prepolymer
sampled directly after synthesis.
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Figure 3.07: DSC thermogram of fully cured MDI-TMP-PPG adhesive, following
removal from TAc/TAc laminate. [First heating cycle top in black and second
heating cycle bottom in blue].

Figure 3.08: TGA and DTG curves of fully cured MDI-TMP-PPG adhesive.
[TGA solid line and DTG dashed line].

Figure 3.09: ATR spectra of cured MDI-TMP-PPG sampled in-situ after peel
testing and includes inset zoomed region of uretdione peak. [TAc/TAc in red,
TAC(t)/TAc(t) in green, TAc(t)/PC(t) in black, PC(t)/PC(t) in pink and PC/PC in
blue. Data collected for each laminate at nine random positions with each
spectrum consisting of 128 scans at 8 cm™ resolution. These were then average
and plotted as the above spectra].

Figure 3.10: 'H NMR spectrum obtained following reaction of MDI-TMP-PPG
with DEPD.

Figure 3.11: 13C NMR spectrum obtained following reaction of MDI-TMP-PPG
with DEPD.

Figure 3.12: MALDI-MS spectrum of MDI-TMP-PPG-DEPD chain-extended
prepolymer collected in dithranol/NaTFA.

Figure 3.13: DSC thermogram of MDI-TMP-PPG-DEPD chain-extended
prepolymer formulation.

Figure 3.14: DSC thermogram of fully cured MDI-TMP-PPG-DEPD adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 3.15: TGA and DTG curves of fully cured MDI-TMP-PPG-DEPD
adhesive. [TGA solid line and DTG dashed line].

Figure 3.16: ATR spectra of cured MDI-TMP-PPG-DEPD sampled in-situ after
tensile testing with inset expanded carbonyl region. [TAc/TAc in black,
TAC(t)/TAc(t) in red, TAc(t)/PC in light blue, TAc(t)/PC(t) in pink, PC(t)/PC(t)
in green and PC/PC in orange. Data collected for each laminate at nine random
positions with each spectrum consisting of 128 scans at 8 cm™! resolution. These
were then average and plotted as the above spectra].

Figure 3.17: 'H NMR spectrum obtained following reaction of MDI-TMP-PPG
with BD.

Figure 3.18: '3C NMR spectrum obtained following reaction of MDI-TMP-PPG
with BD.

Figure 3.19: MALDI-MS spectrum of MDI-TMP-PPG-BD chain-extended
prepolymer collected in dithranol/NaTFA.

Figure 3.20: DSC thermogram of MDI-TMP-PPG-BD chain-extended
prepolymer formulation.
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Figure 3.21: DSC thermogram of fully cured MDI-TMP-PPG-BD adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 3.22: TGA and DTG curves of fully cured MDI-TMP-PPG-BD adhesive.
[TGA solid line and DTG dashed line].

Figure 3.23: ATR spectra of cured MDI-TMP-PPG-BD sampled in-situ after
tensile testing with inset expanded carbonyl region. [TAc(t)/TAc(t) in black,
TACc(t)/PC(t) in red, and PC/PC in blue. Data collected for each laminate at nine
random positions with each spectrum consisting of 128 scans at 8 cm™ resolution.
These were then average and plotted as the above spectra].

Figure 3.24: 'H NMR spectrum obtained following reaction of MDI-TMP-PPG
with PD.

Figure 3.25: 13C NMR spectrum obtained following reaction of MDI-TMP-PPG
with BD.

Figure 3.26: MALDI-MS spectrum of MDI-TMP-PPG-PD chain-extended
prepolymer collected in dithranol/NaTFA.

Figure 3.27: DSC thermogram of MDI-TMP-PPG-PD chain-extended
prepolymer formulation.

Figure 3.28: DSC thermogram of fully cured MDI-TMP-PPG-PD adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 3.29: TGA and DTG curves of fully cured MDI-TMP-PPG-PD adhesive.
[TGA solid line and DTG dashed line].

Figure 3.30: ATR spectra of cured MDI-TMP-PPG-PD sampled in-situ after
tensile testing with inset expanded carbonyl region. [TAc(t)/TAc(t) in black,
TACc(t)/PC(t) in red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink and PC/PC in green.
Data collected for each laminate at nine random positions with each spectrum
consisting of 128 scans at 8 cm™ resolution. These were then average and plotted
as the above spectra].

Figure 4.01: General reaction scheme for the synthesis MDI-TMP-PCD based
chain-extended polyurethanes adhesives. 1 = MDI, 2 = PCD, 3 = TMP, 4 =
MDIPCD prepolymer, 5 = end capped MDI-TMP, 6 = chain-extender and 7 =
chainextended prepolymer.

Figure 4.02: 'H NMR spectrum of MDI-TMP-PCD polyurethane prepolymer in
deuterated chloroform.

Figure 4.03: 13C NMR spectrum of MDI-TMP-PCD prepolymer in deuterated
chloroform.
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Figure 4.04: MALDI-MS spectra of PCD starting material in red and the
prepolymer MDI-TMP-PCD in black. Both were mixed with the matrix material
of HABA and sodiated trifluoroacetic acid in a 1:8 sample:matrix mixture.

Figure 4.05: DSC thermogram of catalyst free MDI-TMP-PCD prepolymer
sampled directly after synthesis.

Figure 4.06: DSC thermogram of fully cured MDI-TMP-PCD adhesive, following
removal from TAc/TAc laminate. [First heating cycle top in black and second
heating cycle bottom in blue].

Figure 4.07: TGA and DTG curves of fully cured MDI-TMP-PCD adhesive.
[TGA solid line and DTG dashed line].

Figure 4.08: ATR spectra of cured MDI-TMP-PCD sampled in-situ after tensile
testing with inset expanded carbonyl region. [TAc/TAc in black, TAc(t)/TAc(t) in
red, TAc(t)/PC in light blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in green and
PC/PC in orange. Data collected for each laminate at nine random positions with
each spectrum consisting of 128 scans at 8 cm™ resolution. These were then
average and plotted as the above spectra].

Figure 4.09: 'H NMR spectrum obtained following reaction of MDI-TMP-PCD
with DEPD.

Figure 4.10: 3C NMR spectrum obtained following reaction of MDI-TMP-PCD
with DEPD.

Figure 4.11: MALDI-MS spectrum of MDI-TMP-PCD-DEPD chain-extended
prepolymer collected in HABA/NaTFA.

Figure 4.12: DSC thermogram of MDI-TMP-PCD-DEPD prepolymer
formulation.

Figure 4.13: DSC thermogram of fully cured MDI-TMP-PCD-DEPD adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 4.14: TGA and DTG curves of fully cured MDI-TMP-PCD-DEPD
adhesive. [TGA solid line and DTG dashed line].

Figure 4.15: ATR spectra of cured MDI-TMP-PCD-DEPD sampled in-situ after
tensile testing with inset expanded carbonyl region. [TAc/TAc in black,
TAC(t)/TAc(t) in red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in
green and PC/PC in orange. Data collected for each laminate at nine random
positions with each spectrum consisting of 128 scans at 8 cm™* resolution. These
were then average and plotted as the above spectra].

Figure 4.16: 'H NMR spectrum obtained following reaction of MDI-TMP-PCD
with BD.
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Figure 4.17: 3C NMR spectrum obtained following reaction of MDI-TMP-PCD
with BD.

Figure 4.18: MALDI-MS spectrum of MDI-TMP-PCD-BD chain-extended
prepolymer collected in HABA/NaTFA.

Figure 4.19: DSC thermogram of MDI-TMP-PCD-BD prepolymer formulation.

Figure 4.20: DSC thermogram of fully cured MDI-TMP-PCD-BD adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 4.21: TGA and DTG curves of fully cured MDI-TMP-PCD-BD adhesive.
[TGA solid line and DTG dashed line].

Figure 4.22: ATR spectra of cured MDI-TMP-PCD-BD sampled in-situ after
tensile testing with inset expanded carbonyl region. [TAc/TAc in black,
TAC(t)/TAc(t) in red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in
green and PC/PC in orange. Data collected for each laminate at nine random
positions with each spectrum consisting of 128 scans at 8 cm™* resolution. These
were then average and plotted as the above spectra].

Figure 4.23: 'H NMR spectrum obtained following reaction of MDI-TMP-PCD
with PD.

Figure 4.24: 3C NMR spectrum obtained following reaction of MDI-TMP-PCD
with PD.

Figure 4.25: MALDI-MS spectrum of MDI-TMP-PCD-PD chain-extended
prepolymer collected in HABA/NaTFA.

Figure 4.26: DSC thermogram of MDI-TMP-PCD-PD prepolymer formulation.

Figure 4.27: DSC thermogram of fully cured MDI-TMP-PCD-PD adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 4.28: TGA and DTG curves of fully cured MDI-TMP-PCD-PD adhesive.
[TGA solid line and DTG dashed line].

Figure 4.29: ATR spectra of cured MDI-TMP-PCD-PD sampled in-situ after
tensile testing with inset expanded carbonyl region. [TAc/TAc in black,
TAC(t)/TAc(t) in red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in
green and PC/PC in orange. Data collected for each laminate at nine random
positions with each spectrum consisting of 128 scans at 8 cm™! resolution. These
were then average and plotted as the above spectra].
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Figure 5.01: General reaction scheme for the synthesis IPDI-TMP-PPG based
chain-extended polyurethanes adhesives. 1 = IPDI, 2 = PPG, 3 = IPDI-PPG
prepolymer, 4 = chain-extender and 5 = chain-extended prepolymer.

Figure 5.02: 'H NMR spectrum of IPDI-TMP-PPG polyurethane prepolymer in
deuterated chloroform.

Figure 5.03: 3C NMR spectrum of IPDI-TMP-PPG prepolymer in deuterated
chloroform.

Figure 5.04: MALDI-MS spectra of PPG starting material in red and the
prepolymer IPDI-TMP-PPG in black. Both were mixed with the matrix material
of dithranol and sodiated trifluoroacetic acid in a 1:8 sample:matrix mixture.

Figure 5.05: DSC thermogram of catalyst free IPDI-TMP-PPG prepolymer
sampled directly after synthesis.

Figure 5.06: DSC thermogram of fully cured IPDI-TMP-PPG adhesive, following
removal from TAc/TAc laminate. [First heating cycle top in black and second
heating cycle bottom in blue].

Figure 5.07: TGA and DTG curves of fully cured IPDI-TMP-PPG adhesive.
[TGA solid line and DTG dashed line].

Figure 5.08: ATR spectra of cured IPDI-TMP-PPG sampled in-situ after peel
testing with inset expanded carbonyl region. [TAc/TAc in black, TAc(t)/TAc(t) in
red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in green and PC/PC in
orange. Data collected for each laminate at nine random positions with each
spectrum consisting of 128 scans at 8 cm™ resolution. These were then average
and plotted as the above spectra].

Figure 5.09: 'H NMR spectrum obtained following reaction of IPDI-TMP-PPG
with DEPD.

Figure 5.10: '3C NMR spectrum obtained following reaction of MDI-TMP-PPG
with DEPD.

Figure 5.11: MALDI-MS spectrum of IPDI-TMP-PPG-DEPD chain-extended
prepolymer collected in dithranol/NaTFA.

Figure 5.12: DSC thermogram of IPDI-TMP-PPG-DEPD chain-extended
prepolymer formulation.

Figure 5.13: DSC thermogram of fully cured IPDI-TMP-PPG-DEPD adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 5.14: TGA and DTG curves of fully cured IPDI-TMP-PPG-DEPD
adhesive. [TGA solid line and DTG dashed line].
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Figure 5.15: ATR spectra of cured IPDI-TMP-PPG-DEPD sampled in-situ after
tensile testing with inset expanded carbonyl region. [TAc/TAc in black,
TACc(t)/TAc(t) in red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in
green and PC/PC in orange. Data collected for each laminate at nine random
positions with each spectrum consisting of 128 scans at 8 cm™ resolution. These
were then average and plotted as the above spectra].

Figure 5.16: 'H NMR spectrum obtained following reaction of IPDI-TMP-PPG
with BD.

Figure 5.17: '3C NMR spectrum obtained following reaction of MDI-TMP-PPG
with BD.

Figure 5.18: MALDI-MS spectrum of IPDI-TMP-PPG-BD chain-extended
prepolymer collected in dithranol/NaTFA.

Figure 5.19: DSC thermogram of IPDI-TMP-PPG-BD chain-extended
prepolymer formulation.

Figure 5.20: DSC thermogram of fully cured IPDI-TMP-PPG-BD adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 5.21: TGA and DTG curves of fully cured IPDI-TMP-PPG-BD adhesive.
[TGA solid line and DTG dashed line].

Figure 5.22: ATR spectra of cured IPDI-TMP-PPG-BD sampled in-situ after
tensile testing with inset expanded carbonyl region. [TAc/TAc in black,
TAC(t)/TAc(t) in red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in
green and PC/PC in orange. Data collected for each laminate at nine random
positions with each spectrum consisting of 128 scans at 8 cm™ resolution. These
were then average and plotted as the above spectra].

Figure 5.23: 'H NMR spectrum obtained following reaction of IPDI-TMP-PPG
with PD.

Figure 5.24: 13C NMR spectrum obtained following reaction of MDI-TMP-PPG
with PD.

Figure 5.25: MALDI-MS spectrum of IPDI-TMP-PPG-PD chain-extended
prepolymer collected in dithranol/NaTFA.

Figure 5.26: DSC thermogram of IPDI-TMP-PPG-PD chain-extended
prepolymer formulation.

Figure 5.27: DSC thermogram of fully cured IPDI-TMP-PPG-PD adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 5.28: TGA and DTG curves of fully cured IPDI-TMP-PPG-PD adhesive.
[TGA solid line and DTG dashed line].
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Figure 5.29: ATR spectra of cured IPDI-TMP-PPG-PD sampled in-situ after
tensile testing with inset expanded carbonyl region. [TAc/TAc in black,
TACc(t)/TAc(t) in red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in
green and PC/PC in orange. Data collected for each laminate at nine random
positions with each spectrum consisting of 128 scans at 8 cm™ resolution. These
were then average and plotted as the above spectra].

Figure 6.01: General reaction scheme for the synthesis IPDI-TMP-PCD based
chain-extended polyurethanes adhesives. 1 = IPDI, 2 = PCD, 3 = TMP, 4 =
IPDIPCD prepolymer, 5 = end capped IPDI-TMP, 6 = chain-extender and 7 =
chainextended prepolymer.

Figure 6.02: *H NMR spectrum of IPDI-TMP-PCD polyurethane prepolymer in
deuterated chloroform.

Figure 6.03: 3C NMR spectrum of IPDI-TMP-PCD prepolymer in deuterated
chloroform.

Figure 6.04: MALDI-MS spectra of PCD starting material in red and the
prepolymer IPDI-TMP-PCD in black. Both were mixed with the matrix material
of HABA and sodiated trifluoroacetic acid in a 1:8 sample:matrix mixture.

Figure 6.05: DSC thermogram of catalyst free IPDI-TMP-PCD prepolymer
sampled directly after synthesis.

Figure 6.06: DSC thermogram of fully cured IPDI-TMP-PCD adhesive, following
removal from TAc/TAc laminate. [First heating cycle top in black and second
heating cycle bottom in blue].

Figure 6.07: TGA and DTG curves of fully cured IPDI-TMP-PCD adhesive.
[TGA solid line and DTG dashed line].

Figure 6.08: ATR spectra of cured IPDI-TMP-PCD sampled in-situ after peel
testing with inset expanded carbonyl region. [TAc/TAc in black, TAc(t)/TAc(t) in
red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in green and PC/PC in
orange. Data collected for each laminate at nine random positions with each
spectrum consisting of 128 scans at 8 cm™ resolution. These were then average
and plotted as the above spectra].

Figure 6.09: 'H NMR spectrum obtained following reaction of IPDI-TMP-PCD
with DEPD.

Figure 6.10: '3C NMR spectrum obtained following reaction of MDI-TMP-PCD
with DEPD.

Figure 6.11: MALDI-MS spectrum of IPDI-TMP-PCD-DEPD chain-extended
prepolymer collected in HABA/NaTFA.
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Figure 6.12: DSC thermogram of IPDI-TMP-PCD-DEPD prepolymer
formulation.

Figure 6.13: DSC thermogram of fully cured IPDI-TMP-PCD-DEPD adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 6.14: TGA and DTG curves of fully cured IPDI-TMP-PCD-DEPD
adhesive. [TGA solid line and DTG dashed line].

Figure 6.15: ATR spectra of cured IPDI-TMP-PCD-DEPD sampled in-situ after
tensile testing with inset expanded carbonyl region. [TAc/TAc in black,
TACc(t)/TAc(t) in red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in
green and PC/PC in orange. Data collected for each laminate at nine random
positions with each spectrum consisting of 128 scans at 8 cm™* resolution. These
were then average and plotted as the above spectra].

Figure 6.16: *H NMR spectrum obtained following reaction of IPDI-TMP-PCD
with BD.

Figure 6.17: 3C NMR spectrum obtained following reaction of MDI-TMP-PCD
with BD.

Figure 6.18: MALDI-MS spectrum of IPDI-TMP-PCD-BD chain-extended
prepolymer collected in HABA/NaTFA.

Figure 6.19: DSC thermogram of IPDI-TMP-PCD-BD
prepolymer formulation.

Figure 6.20: DSC thermogram of fully cured IPDI-TMP-PCD-BD adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 6.21: TGA and DTG curves of fully cured IPDI-TMP-PCD-BD adhesive.
[TGA solid line and DTG dashed line].

Figure 6.22: ATR spectra of cured IPDI-TMP-PCD-BD sampled in-situ after
tensile testing with inset expanded carbonyl region. [TAc/TAc in black,
TAC(t)/TAc(t) in red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in
green and PC/PC in orange. Data collected for each laminate at nine random
positions with each spectrum consisting of 128 scans at 8 cm™* resolution. These
were then average and plotted as the above spectra].

Figure 6.23: 'H NMR spectrum obtained following reaction of IPDI-TMP-PCD
with PD.

Figure 6.24: 3C NMR spectrum obtained following reaction of MDI-TMP-PCD
with PD.

Figure 6.25: MALDI-MS spectrum of IPDI-TMP-PCD-PD chain-extended
prepolymer collected in HABA/NaTFA.
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Figure 6.26: DSC thermogram of IPDI-TMP-PCD-PD prepolymer formulation.

Figure 6.27: DSC thermogram of fully cured IPDI-TMP-PCD-PD adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 6.28: TGA and DTG curves of fully cured IPDI-TMP-PCD-PD adhesive.
[TGA solid line and DTG dashed line].

Figure 6.29: ATR spectra of cured IPDI-TMP-PCD-PD sampled in-situ after
tensile testing with inset expanded carbonyl region. [TAC/TAc in black,
TACc(t)/TAc(t) in red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in
green and PC/PC in orange. Data collected for each laminate at nine random
positions with each spectrum consisting of 128 scans at 8 cm™* resolution. These
were then average and plotted as the above spectra].

Figure 7.01: General reaction scheme for the synthesis IPDI-TMP-PDEGA based
chain-extended polyurethanes adhesives. 1 = IPDI/MDI, 2 = PDEGA, 3=TMP, 4
= isocyanate end capped PDEGA prepolymer, 5 end capped IPDI-TMP, 6 =
chain-extender and 7 = chain-extended prepolymer.

Figure 7.02: *H NMR spectrum of MDI-TMP-PDEGA polyurethane prepolymer
in deuterated chloroform.

Figure 7.03: 3C NMR spectrum of MDI-TMP-PDEGA prepolymer in deuterated
chloroform.

Figure 7.04: MALDI-MS spectra of PDEGA starting material in red and the
prepolymer MDI-TMP-PDEGA in black. Both were mixed with the matrix
material of 2-(4-hydroxyphenlazo)benzoic acid) and sodiated trifluoroacetic acid
in a 1:8 sample:matrix mixture.

Figure 7.05: DSC thermogram of catalyst free MDI-TMP-PDEGA prepolymer
sampled directly after synthesis.

Figure 7.06: DSC thermogram of fully cured MDI-TMP-PDEGA adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 7.07: TGA and DTG curves of fully cured MDI-TMP-PDEGA adhesive.
[TGA solid line and DTG dashed line].

Figure 7.08: ATR spectra of cured MDI-TMP-PDEGA sampled in-situ after peel
testing with inset expanded carbonyl region. [TAc/TAc in black, TAc(t)/TAc(t) in
red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in green and PC/PC in
orange. Data collected for each laminate at nine random positions with each
spectrum consisting of 128 scans at 8 cm™ resolution. These were then average
and plotted as the above spectra].
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Figure 7.09: 'H NMR spectrum obtained following reaction of MDI-
TMPPDEGA with DEPD.

Figure 7.10: 13C NMR spectrum obtained following reaction of MDI-
TMPPDEGA with DEPD.

Figure 7.11: MALDI-MS spectrum of MDI-TMP-PDEGA-DEPD chainextended
prepolymer collected in HABA/NaTFA.

Figure 7.12: DSC thermogram of MDI-TMP-PDEGA-DEPD prepolymer
formulation.

Figure 7.13: DSC thermogram of fully cured MDI-TMP-PDEGA-DEPD
adhesive, following removal from TAc/TAc laminate. [First heating cycle top in
black and second heating cycle bottom in blue].

Figure 7.14: TGA and DTG curves of fully cured MDI-TMP-PDEGA-DEPD
adhesive. [TGA solid line and DTG dashed line].

Figure 7.15: ATR spectra of cured MDI-TMP-PDEGA-DEPD sampled in-situ
after peel testing with inset expanded carbonyl region. [TAc/TAc in black,
TAC(t)/TAc(t) in red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in
green and PC/PC in orange. Data collected for each laminate at nine random
positions with each spectrum consisting of 128 scans at 8 cm™* resolution. These
were then average and plotted as the above spectra].

Figure 7.16: *H NMR spectrum of IPDI-TMP-PDEGA polyurethane prepolymer
in deuterated chloroform.

Figure 7.17: 3C NMR spectrum of IPDI-TMP-PDEGA prepolymer in deuterated
chloroform.

Figure 7.18: MALDI-MS spectra of PDEGA starting material in red and the
prepolymer IPDI-TMP-PDEGA in black. Both were mixed with the matrix
material of HABA and NaTFA in a 1:8 sample:matrix mixture.

Figure 7.19: DSC thermogram of catalyst free IPDI-TMP-PDEGA prepolymer
sampled directly after synthesis.

Figure 7.20: DSC thermogram of fully cured IPDI-TMP-PDEGA adhesive,
following removal from TAc/TAc laminate. [First heating cycle top in black and
second heating cycle bottom in blue].

Figure 7.21: TGA and DTG curves of fully cured IPDI-TMP-PDEGA adhesive.
[TGA solid line and DTG dashed line].

Figure 7.22: ATR spectra of cured IPDI-TMP-PDEGA sampled in-situ after peel
testing with inset expanded carbonyl region. [TAc/TAc in black, TAc(t)/TAc(t) in
red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in green and PC/PC in
orange. Data collected for each laminate at nine random positions with each
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spectrum consisting of 128 scans at 8 cm™ resolution. These were then average
and plotted as the above spectra].

Figure 7.23: 'H NMR spectrum obtained following reaction of IPDI-
TMPPDEGA with DEPD.

Figure 7.24: C NMR spectrum obtained following reaction of IPDI-
TMPPDEGA with DEPD.

Figure 7.25: MALDI-MS spectrum of IPDI-TMP-PDEGA-DEPD chainextended
prepolymer collected in HABA/NaTFA.

Figure 7.26: DSC thermogram of IPDI-TMP-PDEGA-DEPD prepolymer
formulation.

Figure 7.27: DSC thermogram of fully cured IPDI-TMP-PDEGA-DEPD
adhesive, following removal from TAc/TAc laminate. [First heating cycle top in
black and second heating cycle bottom in blue].

Figure 7.28: TGA and DTG curves of fully cured IPDI-TMP-PDEGA-DEPD
adhesive. [TGA solid line and DTG dashed line].

Figure 7.29: ATR spectra of cured IPDI-TMP-PDEGA-DEPD sampled in-situ
after peel testing with inset expanded carbonyl region. [TAc/TAc in black,
TAC(t)/TAc(t) in red, TAc(t)/PC in blue, TAc(t)/PC(t) in pink, PC(t)/PC(t) in
green and PC/PC in orange. Data collected for each laminate at nine random
positions with each spectrum consisting of 128 scans at 8 cm™* resolution. These
were then averaged and plotted as the above spectra].

Figure 8.01: Stacked DSC thermograms for PU-U adhesives based on MDI and
PPG. [MDI-TMP-PPG in black, MDI-TMP-PPG-DEPD in red, MDI-TMPPPG-
BD in blue and MDI-TMP-PPG-PD in ].

Figure 8.02: Stacked DSC thermograms for PU-U adhesives based on MDI and
PCD. [MDI-TMP-PCD in black, MDI-TMP-PCD-DEPD in red, MDI-TMPPCD-
BD in blue and MDI-TMP-PCD-PD in 1.

Figure 8.03: Stacked DSC thermograms for PU-U adhesives based on MDI and
PDEGA. [MDI-TMP-PDEGA in black, and MDI-TMP-PDEGA-DEPD in red].

Figure 8.04: Stacked DSC thermograms for PU-U adhesives based on IPDI and
PPG. [IPDI-TMP-PPG in black, IPDI-TMP-PPG-DEPD in red, IPDI-TMPPPG-
BD in blue and IPDI-TMP-PPG-PD in 1.

Figure 8.05: Stacked DSC thermograms for PU-U adhesives based on IPDI and
PCD. [IPDI-TMP-PCD in black, IPDI-TMP-PCD-DEPD in red, IPDI-TMPPCD-
BD in blue and IPDI-TMP-PCD-PD in ].

Figure 8.06: Stacked DSC thermograms for PU-U adhesives based on IPDI and
PDEGA. [IPDI-TMP-PDEGA in black, and IPDI-TMP-PDEGA-DEPD in red].
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Figure 8.07: Deconvolution data for MDI-TMP-PPG of N-H region (appendix B
figure B02). Data calculated using Gaussian fitting function. [Raw data in black,
fit data in red, HS-HS fitted peak solid blue, carbonyl overtone dash blue, free N-
H Dot and dot dash blue].

Figure 8.08: Stacked spectra from N-H region of fully cured PU-U adhesives
based on MDI and PPG. [MDI-TMP-PPG in black, MDI-TMP-PPG-DEPD in
red, MDI-TMP-PPG-BD in blue and MDI-TMP-PPG-PD in ].

Figure 8.09: Stacked spectra from N-H region of fully cured PU-U adhesives
based on MDI and PCD. [MDI-TMP-PCD in black, MDI-TMP-PCD-DEPD in
red, MDI-TMP-PCD-BD in blue and MDI-TMP-PCD-PD in ]

Figure 8.10: Stacked spectra from N-H region of fully cured PU-U adhesives
based on MDI and PDEGA. [MDI-TMP-PDEGA in black and MDI-
TMPPDEGA-DEPD in red].

Figure 8.11: Deconvolution data for MDI-TMP-PPG of C=0 region (appendix B
figure B05). Data calculated using Gaussian fitting function. [Raw data in black,
fit data in red, free carbonyl peaks solid blue, hydrogen bonded C=0 dash blue
and free urea Dot blue].

Figure 8.12: Stacked spectra from C=0 region of fully cured PU-U adhesives
based on MDI and PPG. [MDI-TMP-PPG in black, MDI-TMP-PPG-DEPD in
red, MDI-TMP-PPG-BD in blue and MDI-TMP-PPG-PD in 1.

Figure 8.13: Stacked spectra from C=0 region of fully cured PU-U adhesives
based on MDI and PCD. [MDI-TMP-PCD in black, MDI-TMP-PCD-DEPD in
red, MDI-TMP-PCD-BD in blue and MDI-TMP-PCD-PD in ]

Figure 8.14: Stacked spectra from C=0 region of fully cured PU-U adhesives
based on MDI and PDEGA. [MDI-TMP-PDEGA in black and MDI-
TMPPDEGA-DEPD in red].

Figure 8.15: Deconvolution data for IPDI-TMP-PPG of N-H region (appendix B
figure B62). Data calculated using Gaussian fitting function. [Raw data in black,
fit data in red, HS-HS fitted peak solid blue, carbonyl overtone dash blue and free
N-H dot blue].

Figure 8.16: Stacked spectra from N-H region of fully cured PU-U adhesives
based on IPDI and PPG. [IPDI-TMP-PPG in black, IPDI-TMP-PPG-DEPD in
red, IPDI-TMP-PPG-BD in blue and IPDI-TMP-PPG-PD in 1.

Figure 8.17: Stacked spectra from N-H region of fully cured PU-U adhesives
based on IPDI and PCD. [IPDI-TMP-PCD in black, IPDI-TMP-PCD-DEPD in
red, IPDI-TMP-PCD-BD in blue and IPDI-TMP-PCD-PD in ]
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Figure 8.18: Stacked spectra from N-H region of fully cured PU-U adhesives
based on IPDI and PDEGA. [IPDI-TMP-PDEGA in black and IPDI-
TMPPDEGA-DEPD in red].

Figure 8.19: Deconvolution data for IPDI-TMP-PPG of C=0 region (appendix B
figure B65). Data calculated using Gaussian fitting function. [Raw data in black,
fit data in red, free urethane carbonyl peaks solid blue, hydrogen bonded
urethane dash blue, free/monodentate hydrogen bonded urea dot blue and
bidentate hydrogen bonded urea dot dash blue].

Figure 8.20: Stacked spectra from C=0 region of fully cured PU-U adhesives
based on IPDI and PPG. [IPDI-TMP-PPG in black, IPDI-TMP-PPG-DEPD in
red, IPDI-TMP-PPG-BD in blue and IPDI-TMP-PPG-PD in ].

Figure 8.21: Stacked spectra from C=0 region of fully cured PU-U adhesives
based on IPDI and PCD. [IPDI-TMP-PCD in black, IPDI-TMP-PCD-DEPD in
red, IPDI-TMP-PCD-BD in blue and IPDI-TMP-PCD-PD in ].

Figure 8.22: Stacked spectra from C=0 region of fully cured PU-U adhesives
based on IPDI and PDEGA. [IPDI-TMP-PDEGA in black and IPDI-
TMPPDEGA-DEPD in red].

Figure 8.23: Model of the microphase morphology in PPG based PU-Us. [Red
rectangle = isocyanate, black line = PPG soft-segment and blue T-shape = TMP
chain-extender].

Figure 8.24: Model of the microphase morphology in PCD based PU-Us. [Red
rectangle = isocyanate, black line = PCD soft-segment and blue T-shape = TMP
chain-extender].

Figure 8.25: Model of the microphase morphology in PDEGA based PU-Us. [Red
rectangle = isocyanate, black line = PDEGA soft-segment and blue T-shape =
TMP chain-extender].
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Chapter 1 Introduction

Developing a pair of sunglasses can be mistaken for being a simple and straightforward
process, however it is not until the steps required for their manufacture are detailed
that the true complexity is exposed. From a customer’s point of view sunglasses
require such things as a variety of styles, a variety of functionalities while still
demanding the primary function of protecting the eyes from harmful ultraviolet and
reflected sun light. From a manufacturing point of view, the style of the sunglasses is
of lower priority as it comes towards the end of the development timeline. The main
focus is on the materials used to form the sunglasses and developing robust methods

for their manufacture which consistently deliver high quality products.

The manufacturing process plus the materials used in forming sunglasses can be split
into two main areas: the frame and the lens. The frame is generally formed by injection
moulding, which requires heating a thermoplastic base material to a predetermined
temperature that allows it to flow. When fluid the thermoplastic material can be mixed
with dyes and other additives to obtain the specified properties. Once homogeneous
the molten material is forced under pressure into a mould which is then cooled to lock
the polymer in the shape of the desired fame. A much more complex process is
encountered during actual production of the frame, with this explanation of this key

component being much simplified.

More challenging and of more interest is the manufacture of the sunglass lens. This
component consists of a multi-layer laminate material which gives the final product its
main function of eye protection but still allowing for varying lens styles e.g. thickness,
colour, coatings etc. Having a layer which contains a polariser or ultraviolet (UV)
light blocker will help prevent reflected or harmful rays reaching the eye, while other
layers can be added to the laminate to enhance shock resistance, toughness, flexibility
and scratch resistance. Also of environmental interest is to try and use materials that
can be obtained from renewable sources.

Understanding that no one polymer material will be able to deliver all of these
properties highlights the need to form a multi-layer laminate. Forming such laminates
results in a final material with properties that are a hybrid of all the materials added.

Lamination of a multi-layer material presents its own manufacturing issues as now



different interfaces are required to be bonded together. Adhesion of different
interfaces has been a problem for many years because of the difficulty in identifying a
suitable adhesive which is compatible with different surface chemistries. Often using
different adhesives for each lamination step is a solution; however, this adds
unwelcomed complexity to the manufacturing process as now a method is required
which can apply different adhesives to different layers simultaneously. This will
require expensive equipment or will require multiple laminations which is time
consuming and more capital intensive. Another alternative that is commonly used is
to identify a potential surface treatment which boosts the compatibility of the interface
towards the chosen adhesive. Although an attractive alternative, it introduces the need
for treatment lines which presents the opportunity for contamination of the laminate
interface and also adds to the manufacturing time. The ideal scenario is to identify or
develop an adhesive which is capable of bonding a variety of materials together giving
a strong laminate without the need for surface treatment. However, if such an adhesive
material is developed it must be optically clear, flexible, have a low glass transition
temperature, be water resistant, be solvent resistant and be resistant to ultra-violet

degradation.

Within this report details on the synthesis of a variety of optically clear polyurethane
adhesive will be described. The characterisation of each material will be discussed
along with the molecular level design of each adhesive. Lamination materials and the
lamination process will be discussed along with the physical characteristics. Finally
the chemical and physical results will be used to determine the optimum formulation

based on strength, clarity, haze and easy of manufacture.

1.10 Polymer Film

Polymer films are employed in a number of different applications e.g. sunglass lenses,
food packaging, construction, imaging film, barrier films etc. This, coupled with the
variety of available polymer materials, contributes to the vast number of applications
in which polymer films are used. Common functional groups found in polymer films
are styrenic, polyester, polyimide, polyamide (nylons), polyolefin, fluoropolymer,
polyvinyl/acrylic, elastomer and rubber. Each polymer type will present the

opportunity to bring different properties to the application of choice e.g. polycarbonate



films are used in safety glasses were clarity and toughness are required, whereas
cellulose triacetate is used as the transparent base film to support the photosensitive
emulsion in photographic film.? The processing used in production of polymer films
will vary from polymer to polymer as each will have different characteristics

associated with the materials ability to flow or be put in solution.

1.101 Extrusion

Possibly one of the most versatile manufacturing processes which can be used when
forming polymer films is extrusion. Extrusion is a bulk polymer processing technique
used to melt then reshape thermoplastic materials however, reactive extrusion is also
possible. An extruder consists of two basic components: a single (or twin) screw(s)
which can be from three to four meters in length and a barrel in which the screw(s) is
enclosed (see figure 1.01). The barrel can be heated or cooled and will often have
ports along its length which allow for venting of entrapped gas evolved from the
polymer during melting or addition of additives.

To perform extrusion, polymer beads (or powder) are loaded into a feed hopper which
feeds the material into the barrel containing the screw. This initial part of the barrel,
known as the feed zone is where the polymer melts under frictional and conventional
heating.> The screw drives the molten polymer along the barrel into the compression
zone of the barrel which helps to evolve any gas trapped within the polymer material.
As the material progress down the barrel it is accompanied by a gradual increase in
temperature; this increases the viscoelastic fluids mobility and this gradual heating
reduces the probability of thermal degradation which can occur if the heating gradient
IS too steep. Once the molten material is at the right temperature and is flowing fluidly,
the polymer then enters the final part of the barrel known as the metering zone. Prior
to entering the metering zone it is possible to introduce additive such as UV stabilisers
or fire retardants into the polymer material.

Within the metering zone the screw homogenises the material before it enters the
processing die at the end of the barrel.

The need for a die is to take the material from the cylindrical barrel and reshape it into
the profile of the product. A film die (see figure 1.01) will mould the molten plastic

into a sheet, which will have thickness given by the profile of the die. This film is then



either placed over cooled rollers or put on top of a cold water bath which cools the
polymer locking the film into place. This film once cooled can be further processed
e.g. surface treated followed by slitting to the desired width and then wound onto a roll
for storage. Applying a film die directly to the end of the extruder is the most

conventional way of bulk film formation; however, there are other options available.
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Figure 1.01: Schematic of a single screw extruder top and schematic of a film die

bottom.*

1.102 Blow film

Blow film extrusion follows the same process as previously detailed for extrusion up
until the die is reached. The die used is an annular slit die which forms a thin walled
tube extrudate as it exits the die in a vertical direction. Positioned at the centre of the
die is an inlet for the introduction of compressed air to balloon the polymer tube. The
dimensions of expanded polymer film are controlled by both the air pressure and the
speed at which the polymer leaves the die. At the top of the die a high-speed air ring
is positioned to cool the molten material as it exits the die. The process then continues
in a vertical direction with the ballooned film drawn up a cooling column. Positioned
at the top of the column are two nip rollers which collapse the ballooned material and
this is the beginning of a roller system which takes the film to the final collection point.
An advantage of the blow film process over standard extrusion is that both flat and

tube films can be produced in a single operation.
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Figure 1.02: Schematic of blow film extrusion process.®

1.103 Casting Film Line

Solution casting of polymer films is the oldest method used in polymer film production
with the earliest examples dating back to the late 19" century. Presently the technique
is carried out industrially as a continuous process for the production of polymer films
with high end optical applications.®

When making a polymer film using this process there are three variables that should
be considered when selecting the raw materials: firstly the polymer of choice must be
soluble in an appropriate solvent, the solution obtained should be stable with minimum
residual solid content giving a solution of workable viscosity and finally the formation
of a homogeneous film which can be easily removed from the casing support.’> The
polymer film is cast from a dope solution which requires the polymer and any additives
being dissolved in an appropriate solvent. Each solvent used needs to readily dissolve
the polymer but also be highly volatile to ensure casting and drying of the film can

occur within a short time frame. The concentration of the solution must be carefully



controlled as the viscosity of the solution and the parameters used in the casting process
will be influenced by this concentration. Also the temperature at which the solution is
prepared and applied must be controlled to ensure that the viscosity of the dope

solution does not change.
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Figure 1.03: Schematic of the solution casting process of a polymer film.* The
initial step of the casting process requires that the dope solution is applied to a moving
casting belt. The coating head used to apply the dope will contain a hopper of the
solution and a slot die or a doctor blade die which controls the thickness of application.
The belt must be highly polished to ensure a smooth surface is obtained and commonly
is made from highly polished stainless steel or chrome plated steel but may also be
made from copper or in some specialised processes a fluoropolymer belt is used.
Irrespective of the material used in the casting belts construction it is essential that the

cast film can be easily removed once formed.

Next, air is introduced to dry the film by aiding the removal of the solvent from the
dope solution precipitating out the polymer. Dry air sweeps in the opposite direction
from the propagation film collecting the evaporating solvent. Belt speed along with
the air flow rate will have an effect on the film thickness, it is common in industrial
processes to have a gauging system which monitors and controls this thickness. The
solvent rich air then is removed and goes through a solvent collection process. This
reduces the production cost as the solvent can be reused and also reduces air pollution.

Finally the dry film is removed from the casting support, followed by slitting to the



desired width and collected by windup onto a roll. In some processes before the film
reaches wind-up it will undergo a pre-treatment such as corona, flame or solution

based, leaving an activated surface.

Common polymer films that are prepared in this way are cellulose triacetate, with the
casting solvent being either dichloromethane or an alcohol, polycarbonate with the
casting solvent being dichloromethane, and polyvinyl chloride, with the casting solvent
of tetrahydrofuran or methyl ethyl ketone. Films of these materials are generally
prepared in this way when they are required for optical applications such as monitor

displays or sport glass lenses.

1.11 Multilayer Polymer Films

Surface treatments are commonly required when the interfaces of different materials
are incompatible e.g. in lamination of multilayer laminates which contain more than a
single polymer. Multilayer polymer laminates are used when a single material does
not reach the required specifications e.g. a squeezable tomato sauce bottle is a three
layer laminate of poly(ethylene terephthalate) — ethylene vinyl alcohol — poly(ethylene
terephthalate). The poly(ethylene terephthalate) layers give the bottle strength,
flexibility, chemical resistance and acts as a moisture barrier; however, it allows the
permeation of oxygen which can spoil the contents.® The ethylene vinyl alcohol layer
acts as the oxygen barrier.

Sunglasses lenses are such an application in which a variety of properties are required
such as transparency, flexibility, strength, chemical resistance and scratch resistance.
To obtain such properties a multilayer laminate is required and this introduces added
complications into the manufacturing process. Added complications will include such
issues as being able to source or make the polymer films needed, finding a suitable
method for laminating the films together, having the correct equipment to carry out the
lamination, surface treatment lines may be required, forming the lens after lamination
etc. Laminate materials will be constructed from cellulose triacetate, polycarbonate or
a hybrid of both and will require the use of a suitable adhesive to bond these layers
together. The application of this adhesive will determine the success or failure in

forming such a laminate and will be applied using a suitable web coating technique.

1.111 Knife Coating



Knife coating is a web coating method used for applying liquids onto the surface of a
solid polymer film with great accuracy. The process requires an excess of the coating
material being placed at one side of the doctor blade and as the polymer film is drawn
past the blade the excess material is removed leaving a pre-set thickness of material on
top of the film (see figure 1.04). This technique is a low cost method for the application
of high viscosity coatings such as hot melt adhesives and rubber coatings. There are
many variations of the simple set-up e.g. when used for hot melt adhesive applications
the blade is often heated to keep the material viscosity low enough to allow it to pass
under the blade.
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Figure 1.04: Knife on roller web coating schematic.*
Advantages of this web coating technique are that it can be easy installed and is of low

cost. Such a coating system has very few moving parts making it very robust and
reliable. The technique does have some disadvantages: the blade must be well polished
to ensure that a smooth coating is obtained as any scratches will be visible in the
coating, after coating the blade requires cleaning which depending on the material
being used could result in considerable down time and the adjustment of the gap is
usually time consuming which again reduce the productivity if multiple thicknesses
are required. Away from these disadvantages this coating technique when employed

properly will deliver good quality coatings.

1.112 Metering Rod (Meyer Bar) Coating
The metering rod, or as it is more commonly called the Meyer bar, is a very common
method used for web coating of flexible polymer films. The rod coating technique was

developed in the early 1900’s by Charles Meyer of the Meyer Coating Machine



Company. Coating using this technique makes use of a wire wound or machined
stainless steel bar which is in contact with the polymer film. The spacing of the wire
or the machined grooves precisely determines the thickness of the coating applied to
the polymer film as it moves past the Meyer bar. The diameter of the wire spiralled
round the bar is directly proportional to the thickness of the wet coating left on the
polymer film. At the exiting side of the Meyer bar are stripes of the liquid coating
which are separated by the distance between the wire windings.* As the surface tension
of the liquid is not strong enough to support these stripes they begin to collapse,
merging with one another to form a smooth and flat coating. The coating can then be
UV or thermally cured and if a laminate is being formed then the other film is brought

into contact with the wet surface.

Figure 1.05: Schematic of wire wound Meyer Bar.®
Although in theory Meyer bar coating appears as a relatively simple process,

practically there are some factors to consider that will have an influence on the
thickness of the final coating. Such factors that will influence the final coating
thickness are the viscosity versus temperature of the liquid being used, the polymer
film tension, the speed at which the polymer film is traveling under the Meyer bar, the
ability of the adhesive to wet the polymer surface, the degree to which the coating
liquid penetrates the polymer film, etc.® Furthermore, high viscosity liquids may coat
the wire which reduces the amount of adhesive that passes through each gap. In
practice however, these factors are overcome by a simple trial-and-error approach until

the desired coating thickness is obtained.

1.12 Lamination
Lamination is the process where two or more polymer films are jointed together
forming a laminated material. The process used to join the two materials together will

include either heat or pressure and commonly both. Industrially lamination is used



when a single polymer film does not satisfy the properties specified, meaning that
several and differing materials are used to obtain a hybrid of all their properties.
Fortunately there are a variety of available ways to perform lamination which depends
greatly on the materials and application. In bulk polymer laminate formation, co-
extrusion is generally used by which two or more extruders are fed into a stacked die
which is able to lay one film on top of the other. This is also possible with blow film,
which will have a multi-inlet die allowing for multiple layers to be blown and formed

into a single process.

More commonly however, lamination is better connected with the adhesive and
coating industry. Lamination of this type makes uses of well-known techniques as
Gravure, reverse roll, knife on roll and metering rod coating. All these techniques add
a liquid coating onto a moving solid polymer film at a controlled thickness. In coating
applications the applied material then goes through a curing process such as heat, UV
radiation or atmospheric moisture. Alternatively when adhesion is being carried out a
second surface is brought into contact with the coated film using nip rollers to press
the laminate together. Following this process will be the appropriate curing process
such as heat, UV radiation or moisture, however, the final curing mode is only possible

when one (or both) of the films allow water permeation.

A simple lamination line set-up will consist of multiple stations such as: unwind,
surface pre-treatment, adhesive or coating application, laminating nip rollers, curing
and rewind. The unwind station introduces the base film into the line at a controlled
speed while keeping the film under tension. The whole process is performed under
tension to ensure contact with rollers and also to move the film along the line. The
speed at which the process is performed and the tension the line is under will have an
effect on the thickness of an adhesive or coating layers. When multi-layered laminates
are being formed extra unwind stations will be positioned along the line to introduce

the next component of the laminate.

Pre-treatment stations are used to activate or clean the surface before any adhesive or
coating is applied to the base film. Commonly this can be simply an air blade to clean
the interface or corona treatment if surface treatment is required due to the film being

used having a low surface tension with poor wetting towards the adhesive. The coating
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or adhesive application station introduces a liquid material onto one surface of the
laminate by any of the previously mentioned techniques. Next the second film of the
laminate will be placed onto the coated base roll, with the laminate material passing
through a set of nip rollers to press the laminate together. Curing of the laminate is an
essential process due to the need to develop an initial tack or green strength to ensure
that slippage between the layers does not occur during rewind. The definition of green
strength in this case is the ability of an adhesive to hold two surfaces together when
brought into contact before developing its ultimate bond properties when fully cured.
The rewind station drives the full process while helping keep it under tension and

importantly collects the final laminate material.

1.13 Cellulose Triacetate

Of all the commercially available organic polyesters of cellulose, cellulose acetate is
recognised as being the most important.” Cellulose acetate was discovered by T.
Schitzenberger in 1869 were it was discovered that reacting cellulose with acetic
anhydride resulted in cellulose acetate formation. This was followed by its
commercialisation in 1903 by Cross and Bevan. By 1924, Celanese, a United States
based company commercially produced fibre, sheet, rod and tube forms of cellulose
acetate. Finally cellulose triacetate was made commercially available by Tricel in
1954.8  Cellulose triacetate can be used in applications such as semipermeable
membrane in reverse osmosis or textiles, but in this report the application of this
polymer in optical films is of more interest.% Interestingly it is a commonly known
polymer used in film manufacture as it replaced cellulose nitrate (which has
flammability issues) as the base material in photographic films. Photographic films
require that the polymer used must possess the appropriate mechanical and optical

properties such as transparency, curl recovery and low optical anisotropy.

To ensure that the polymer film has all these properties great care must be taken during
its manufacture. Cellulose triacetate manufacture can be split into two common types:
heterogeneous acetylation of which the fibrous process is the best known and
homogeneous acetylation of which the solution process is the most common. During
heterogeneous acetylation a diluent (commonly benzene or toluene) is added to the

reaction medium of dry acetic anhydride in acetic acid with a small catalytic amount
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of sulphuric or perchloric acid catayst.!! For heterogeneous acetylation, the cellulose
material retains most of its structure as it stays in a different state from the reaction
medium.  This method is commonly implemented when acetylating fibres or
membranes as the strength and structure of the native cellulose is retained. During
homogeneous acetylation, the reaction is carried out minus the diluent component and
this allows the triacetate to solubilise in the reaction medium as it is produced during
the reaction.!? As the cellulose triacetate molecules are now becoming part of the

reaction medium the overall structure undergoes major change.
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Figure 1.06: Structure of cellulose left and cellulose triacetate right.
Within both these reactions the mechanism by acetylation occurs is considered to be

the same and follows erosion theory. Erosion theory is based on the biphasic
morphology of cellulose (amorphous and crystalline phases). The proportion of these
phases is inherent of the cellulose source and its manufacturing history. Erosion theory
states that the more accessible amorphous phase of the cellulose are acetylated first,
this allows the reaction medium access to the exterior face of the more organised and
less penetrable crystalline phase. During heterogeneous acetylation these crystalline
regions remain inaccessible and it is mainly the exterior surface of the crystalline phase
that becomes acetylated. In homogeneous acetylation as the exterior face is
functionalised it becomes part of the solution exposing a new crystalline surface for
the reaction to take place.’? It is this layer by layer erosion process that is believed to
be the mechanism for the acetylation reaction. This mechanism makes it is possible to
imagine that the isolated cores of unreacted cellulose can still be present in the material
even when approaching the reactions completion. Currently erosion theory is still the
most widely accepted tool for understanding bulk acetylation of cellulose. However,
it is still short of explaining why factors such as accessibility and reactivity influence

the overall acetylation process.
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Cellulose triacetate is used in sunglasses manufacture due to it possessing a host of key

properties required of an optical base film:

* High optical transparency in the visible region of the electromagnetic
spectrum (400-700 nm),

» Solvent casting process for cellulose triacetate are well understood and the
obtained films have the same refractive index in all direction (optically
isotropic),

» The films obtained are strong, tough and hard while still being flexible which
is advantageous when used in a sunglass lens,

» The physical properties and appearance of the film can be tuned using
plasticisers and other additives,

* Cellulose triacetate films can be easily cut and reshaped into the desired lens
shape. 1

As previously mentioned, manufacturing a film from cellulose triacetate is a
wellknown process.  Solvent casting is the technique of choice, whereby a
homogeneous polymer solution of cellulose triacetate and a plasticiser (plus any other
additives) in dichloromethane is prepared. This solution is then filtered to ensure that
any undissolved material is removed to reduce the opportunity of introducing optical
defects into the film. Degassing of the solution then follows to remove any entrapped
air bubbles which would be evolved into the film during casting. Casting is next
performed by applying the homogeneous polymer solution onto a moving clean
polished surface by means of a casting die (see section 1.103 for more information).
As solvent begins to evaporate a polymer gel forms which requires further drying due
to it containing entrapped solvent. This is possible by putting the film through a drying
process to remove residual solvent. Once dry the film is collected by winding onto a
roll. The collected film can then be trimmed or slit to the desired dimensions and is
ready for use as a base film. It is possible at this point to further process the film e.g.
lamination with another film or surface treatment to leave a functionalised active
surface. Cellulose triacetate films cannot be obtained by melting processes as it

degrades before ever reaching its melt temperature.®
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1.14 Polycarbonate

Polycarbonates are a family of thermoplastics that have interesting properties such as
high optical transparency, good heat resistance, high-impact strength, good rigidity and
low moisture absorption. This class of polymer can be identified by the characteristic
carbonate bond which is formed during polymerisation. Currently the polycarbonate
of bisphenol-A is the most commonly used (see figure 1.07). Bisphenol-A
polycarbonate was first commercially produced by Bayer over 50 years ago under the
trade name “Makrolon”.** As polycarbonates are thermoplastic materials they can be
processed using conventional manufacturing techniques such as extrusion. The ease
of processing means that they have found a number of varying applications such as;
substituting glass in windows, safety glasses and various automotive parts. Synthesis
of linear polycarbonates involves reacting a diol (normally aromatic) with a carbonic
acid derivative e.g. bisphenol A and phosgene.'*

The interfacial polycondensation between bisphenol-A (2,2-di(4-
hydroxyphenyl)propane) and phosgene (carbonyl dichloride) is mostly carried out in a
dichloromethane — water mixture. The reaction also contains sodium hydroxide to
ensure the removal of the hydrogen chloride by-product. Alternatively the
polycarbonates can be accessed by ester exchange between bisphenol-A and diphenyl

carbonate.!®
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Figure 1.07: Structure of bisphenol-A polycarbonate.

From either method the polycarbonate obtained is an amorphous polymer that
possesses the unique properties mention previously. Although polycarbonate has high
impact strength, it has a relatively soft surface which limits its scratch resistance. In
lens application where polycarbonate is positioned at the peripheral face a hard coat
will be applied to protect this soft interface. Polycarbonate hard coatings are generally
an inorganic/organic hybrid system (based on a metal hydroxide and an
organosiloxane) which is processed using the sol-gel method.*® Also during long term
exposure to ultra-violet light, polycarbonate has a tendency to yellow and become

brittle. Stabilisation of the polymer from photolysis by ultraviolet light can be
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achieved using benzophenone derivatives such as 2hydroxybenzophenone or 2-
hydroxybenzotriazoles.®® As these molecules are highly conjugated they are able to
retard degradation. This is possible as the benzophenone forms a quinoid structure
upon exposure to ultra-violet radiation which is converted to heat as it returns to the
original conjugated structure. Other common ultra-violet stabilisers used with
polycarbonate also include acrylic and aryl esters, hindered amine, and metal salts.'*
Both ultra-violet stabilisation and hard coating are required whenever polycarbonate

is a component within a lens structure.

1.15 Adhesion Promoters

A problem that is encountered in many manufacturing processes is incompatibility of
materials and is often attributed to the difference in surface chemistries. The variety
of available adhesives reflects that no one adhesive can cater for all possible
applications. During lamination of novel multilayer polymer laminates, the initial
problem that is encountered is selecting the correct kind of structural adhesive that best
serves the application. Common types of structural adhesives used are epoxy,
polyurethane, reactive acrylic, toughened acrylic, anaerobic acrylic and silicone based
materials.t” Knowledge of the underlying chemistry of each is essential as the
properties obtained will be related to the functionality present. Adhesive interactions

at the substrate-adhesive interface will also be governed by this chemistry.

Further explanation of the functionality of various adhesive types will be discussed in
more detail in a later section (see section 1.30) and the properties that each brings.
Discussed now will be the best methods for increasing the compatibility of surfaces
towards adhesion by means of an adhesion promoter for polymers. The need for an
adhesion promoter is to alter or change the surface to promote adhesion between the
substrate and the adhesive. Common adhesion promoter processes for polymer films
are either chemical or plasma treatments but other processes do exist.!® Chemical
treatments are aimed at changing the functional groups and morphology at the surface
by performing a chemical reaction whereas; plasma treatments are aimed at

introducing oxygen containing functionality to the surface.

1.151 Chemical Treatment
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Chemical treatments are applied when the only option available is to create new
functional groups on one or both surfaces to promote adhesion. This form of adhesion
promoter induces a physical and chemical change to the surface of the polymer
material which is permanent. Generally the reason such chemical treatments are
performed is to improve the inherent poor polarity at the polymers interface which is
a known shortfall of using polymer materials.® When the polarity is increased at the
surface, the opportunity for intermolecular polar forces between the substrate and
adhesive are increased which helps promote adhesion. If the correct functional groups
are introduced covalent bonds between the substrate and adhesive or coating can be
formed. Increased interface polarity will also help promote wetting of the surface

towards any adhesive or coating.

Silanes are often used as adhesion promoters due to their diversity, compatibility and
the excellent enhancement of adhesion they bring. Silanes of this type that are used to
promote adhesion have the general formula R-Si(OR’)s.’® An application where
silanes are successfully used in promoting adhesion is with epoxy and polyurethane
adhesives in bonding aluminium or mild steel substrates.?’ Another chemical surface
treatment is chlorination of the surface which also serves to increase the surface
polarity and adhesion. Beholz et al displayed successful chlorination of high density
polyethylene using a solution containing sodium hypochlorite and acetic acid.?! The
chlorination treatment of the surface resulted in chlorine atoms being added to the
surface (confirmed by x-ray photoelectron spectroscopy) which resulted in
enhancement of the adhesion between the polymer and paint used in this application.
Although such chemical treatments are effective they are often used as last option due
to the generally environmentally unfriendly chemicals that are used.

Nevertheless, they are effective adhesive promoters and are still used today.

1.152 Plasma Treatment

Plasma treatments are also a viable way to activate the interface to gain greater
adhesion of materials. Treatments of this type are similar to chemical treatments as
they promote polymer adhesion through surface functionalisation but with minimal
morphological change. Plasma treatments serve as adhesion promoters as they

increase the surface polarity by introducing oxygen containing functional groups
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which increases both surface wetting and adhesion.?? Alternatively they can simply
remove surface contaminants to improve adhesion or allow for reorientation of existing

functional groups making them available for bonding.

Plasma treatments are performed at low temperature and low gas pressure, where
ionisation by glow discharge of a gaseous species is used to form ions, electrons,
radicals and other excited molecular fragments. This process is performed in close
proximity to the polymer surface which results in it becoming activated. When plasma
modification is performed on polymers the most common gases used are air, argon,
hydrogen, helium, oxygen, carbon dioxide, ammonia, fluorine and sulphur dioxide.?
In some instances the previously mentioned gases are replaced by a gaseous organic
monomer such as CHa4, CoHa, CoHs, CoF4 or CoHe which is ionised using glow
discharge. These ionised monomers can then be deposited onto the surface of the
polymer substrate using plasma polymerisation leaving and activated surface.
Materials that commonly receive plasma treatment to improve their adhesion
characteristics are polyethylene and polypropylene.?

Petasch et al performed a plasma treatment initiated from microwaves on polyethylene,
polypropylene and poly(ethylene terephthalate) polymer films using different plasma
gas environments. The adhesion strength in an oxygen plasma treatment for
polyethylene increased 20 fold in 6 seconds, for polypropylene 7 fold in 15 minutes
and for poly(ethylene terephthalate) it increased 20% in 15 minutes. The bond strength
increase for polyethylene and polypropylene was attributed to the introduction of
hydroxyl, carboxyl, carbonyl and ester groups whereas in poly(ethylene terephthalate)
was attributed to the ester groups already in the polymer becoming more available.?*
The main advantages of such plasma treatments are; the short time of treatment, the
modified layer is limited to the very surface leaving the bulk unchanged and unlike
most chemical process plasma treatment is environmentally friendly. The main
drawbacks are the requirement for the process to be carried out at reduced pressure,
developing reliable process parameters for the novel application can take many
iterations and it is very difficult to control the proportion of functional species formed

across the interface.?®

1.153 Flame Treatment
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Flame treatments are a useful technique for improving the surface polarity of polymers
as they introduce new oxygen containing functional groups.?®#’ This makes it an
essential technique for the surface treatment of polyolefin based materials that are
inherently hydrophobic, thus problematic in polymer applications that require good
surface wetting e.g. adhesion with inks, paints, adhesives or coatings.?®> Polymers that
fall into this category are polyethylene, polypropylene and poly(ethylene
terephthalate) with each of these materials being commonly used in the previously

mentioned applications.

A real strength of flame treatments as an adhesion promotion technique is its ease of
construction and operation as it essentially only requires a burner connected to a fuel
source. The size or number of the burners required and their geometry is application
dependent e.g. a plastic bottle formed through blow moulding will typically be treated
using three burners. Three burners allow for uniform modification across the entire
surface of the bottle, this is ensured by continuously rotating the bottle as it passes over
the burners. The extent to which the bottle is flame treated depends on factors such
as; the air to fuel mixture of the burners, flame temperature, flame contact time, the
air-fuel gas flow time and the distance between the flame and polymer surface for
treatment. Following treatment the now activated surface contains new oxygen
containing polar groups such as hydroxyl, carboxyl and carbonyl. The mechanism by
which the surface is oxidised follows a free radical degradation mechanism, with the
radicals being produced in the flame and reacting with the polymer surface.?2¢ In
polypropylene this occurs at the tertiary carbon on the chain and for polyethylene it
occurs at random points along the polymer chain.?® For polypropylene there are two
main steps that contribute to the degradation mechanism; firstly the C-H bonds break
along the polymer due to the high flame temperatures and secondly the insertion of
oxygen based groups at these broken bond positions. The improved wettability and
adhesion observed in polypropylene is attributed to the conversion of the pendent
methyl group CHs into CH»-OH.?8

1.154 Corona Treatment
Corona treatment is one of the most commonly used methods for the surface treatment

of polymers, especially in the packaging industry.?®> The name corona is used to
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describe the phenomenon which occurs when a gas passes between two low energy
electrodes which are operating at high frequency. Generally the treatment is carried
out in air which normally acts as a good electrical insulator, however, when a strong
enough field is applied the air begins to ionise (giving molecules in an excited state,
ions and radicals) and conducts electricity.?® When the gap between the two electrodes
is clear a sudden electric discharge occurs which will develop into an arc or sparks
between the electrodes. If however, a polymer film is placed between the electrodes
the conductive path becomes interrupted and an arc is no longer observed and is now
replaced with a diffuse glow. When performed at atmospheric pressure which is most

common, the process is known as corona discharge treatment.

During corona discharge treatment, the surface of the polymer undergoes both physical
and chemical changes which are treatment parameter and polymer dependent.
Oxidation is the main mechanism of the chemical change observed during corona
discharge treatment. Oxidation introduces new functional groups such as carboxyl,
carbonyl and hydroxyl to the surface, with each helping to promote adhesion. The
mechanism by which oxidation occurs is similar to flame treatment, being an oxygen
radical can perform either hydrogen abstraction or chain scission followed by oxygen
insertion as shown by Zhang et al and Kushner et al.?*3° Both processes will generate
two highly reactive species which rapidly react to yield a polymer with a functionalised

oxidised surface layer.

Corona discharge treatment can also result in a molecular weight increase due to
radical crosslinking reactions occurring. Whenever the cross-linking reaction is
observed then the materials obtained displayed added strength and an increased
melting point.?® The possibility of cross-linking occurring becomes clear when the
oxidation mechanism is again considered. During the corona process a peroxy radical
can carry out two different processes: (1) polymer chain scission which results in the
molecular weight falling or (2) chain addition which gives a molecular weight rise. It
was reported that (1) is favoured during normal treatments (short treatment) times
whereas (2) is favoured under more extreme conditions (e.g. >30 minutes at a high

power).3!
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Physical surface changes can also be observed following corona discharge treatment
of polymer films. During the corona process high energy excited species strike the
films surface during treatment, which can form small micropits. These micropits are
small indentations dug into the films surface following the collision with the excited
species. Depending on the extent to which micropitting has occurred it can lead to
either increased or decreased adhesion. Increased adhesion would be obtained when a
lock and key type mechanism occurs or due to the increased surface area. Alternatively
it can lead to a reduced contact area giving a reduced adhesion or the adhesion can be
affected due to the number of pits resulting in stress concentration. To what extent the
micropits or surface roughening affect the overall adhesion of the film can only be
determined when the following factors are considered; the polymer being treated, the
surface energy, the viscosity of the adhesive or coating being applied and the
size/shape of the micropits. The roughing of the surface was also found to only occur
when in conjunction with oxidation, making oxygen essential to the surface
roughening effect.

Successful surface treatment of the material using corona discharge can only be
ensured when the humidity is controlled.® When the humidity is high it generally
means the surface moisture of the film will be high which results in a less effective
treatment. To combat the rise in humidity a stronger treatment or longer treatment will
be required to obtain the same adhesion enhancement results. This could possibly
suggest that the presence of surface moisture could retard the initial hydrogen
abstracting or that this initial abstraction process is an equilibrium process and
reversible.?® Overall corona discharge treatment is a robust and cheap process to use
on polymer films (especially polyolefins) which makes it a widely used technique for

adhesion promotion.

1.20 Adhesion

The word adhesion can be interpreted in a variety of ways; however, when describing
a structural adhesive, it is used to describe the joining of two materials together that
can oppose separation. Adhesion in this sense could also be used to describe such
applications as; adding a protective polymer coating to protect a metal component,
metal plating of a polymer film (metallisation) or the bonding of two films together to

form a laminate.®® In order to understand adhesion forces various mechanisms of
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adhesion have been proposed and these will be discussed in the following section (see
section 1.21). The modes by which an adhesion bond fails have also been investigated,
also the force required to cause this failure is often called the magnitude (or strength)

of adhesion (see section 1.22) and is measured using tensile testing methods.

Adhesion gets split into two different sub-sections: fundamental adhesion which
accounts for the mechanism occurring at a molecular level and practical adhesion

which is the measuring of actual test pieces to determine the joint/laminate strength.

Fundamental adhesion - refers to the combined forces (or energy) that each molecular

interaction contributes to the overall adhesion. Mechanisms have been developed to
interpret response of atomic and molecular forces at the bonding interface e.g.
hydrogen bonding, chemical bonding, VVan der Waals forces etc. To fully understand
what possible modes of fundamental adhesion are occurring requires characterisation
of the surface, this has led to the development of surface sensitive techniques such as
secondary ion mass spectroscopy (SIMS) and X-ray photoelectron spectroscopy
(XPS). Understanding the surface of each interface allows the chemist to determine
which materials will be compatible and also which are incompatible (requires adhesion

promotion see section 1.15).

Practical adhesion - once the laminate or coating has been formed the

performance/strength requires testing. Information on the bond strength can be
accessed through a variety of tests methods which allows access to a variety of
parameters (e.g. from a peel test can obtain peel strength, modulus, mode of failure,
trace of test piece performance etc). Essentially the need for practical adhesion testing
is to characterise how strong the joint/laminate actually is. The value obtained from
such testing will be depended on the testing parameters — dimension e.g. angle, peel
speed, sample width/length etc. The value obtained will not only be a result of the
interface adhesion but will also display the mechanical response of the adhesive and
substrate materials. The performance can be evaluated by both the strength and mode
of failure. The mode of failure will also give information on the compatibility of the

materials in the joint/laminate (see section 1.22).
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1.21 Adhesion Theories

Fundamental adhesion describes the processes occurring at the interface between two
materials and must be considered whenever using an adhesive during lamination or
joint formation. Maximising the number of interactions becomes possible when the
mechanisms of atomic, molecular and mechanical adhesion are considered. These
mechanisms have been developed to explain why some materials display high tensile
strength during mechanical testing when other materials display low strengths. They
also help to explain the need for surface promotion techniques and why selecting the

correct adhesive type requires much investigation.

In the adhesion industry it is now accepted that when bonding materials together there
are a variety of mechanisms occurring simultaneously. This does not imply that all the
adhesion mechanisms occurring contribute equally to the strength and this makes
understanding each mechanism important. Currently there are four principal theories
used to explain adhesion of polymers: (1) mechanical (2) chemical (3) absorption and
(4) diffusion.®® Each of these principal mechanisms will be considered in turn and the

main factors that explain their contribution to fundamental adhesion discussed.

1.211 Mechanical Theory

Of all the theories used to explain adhesion, mechanical theories are the oldest and
most intuitive. Mechanical adhesion is explained as the physical interaction of the
adhesive with surface roughness or pores. More commonly this type of adhesion is
referred to as the “hook and eye” approach to bonding. The ability for a liquid adhesive
to wet the surface or penetrate pores allows for a high surface area of contact between
the substrate and adhesive. As the adhesive hardens during cure it hooks onto the
surface and will resist separation through mechanical adhesion. This theory of
adhesion can be used to explain the adhesion of roughened surfaces e.g. wood, textiles
but did not explain adhesion to smooth surfaces. Following this observation is was
agreed that adhesion does not occur via one mechanism but in fact by a combination
of mechanisms.®* Nevertheless the phenomenon of mechanical adhesion does
contribute to the overall adhesion in a number of systems and is still a valid

mechanism.
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Presently mechanical interlocking is considered significant on both the macro and
micro scale. Early work on the mechanical theory was on the macro scale using
composite materials such as textile cords that were embedded in a rubber composite in
car tyres. The macro scale interaction of the natural fibres with the rubber is small
unless the fibre end was embedded within the rubber matrix.3* The strength obtained
from the composite material is solely based on the number and depth of natural fibres
that penetrated into the rubber matrix.3® Also macro scale interlocking is found in the
adhesion of leather which is important to the foot industry. To successfully form the
leather-to-adhesive bond it is essential that fibres penetrate the adhesive layer. A
strong bond will result via mechanically interlocking between both materials once the

adhesive has cured.

More recently due to the advancements in microscopy, smaller scale examples of
mechanical adhesion have been observed. Work by Packham on the bonding of molten
polyethylene to aluminium is a well know example of micro scale mechanical
interlocking adhesion.®® This work explored the effects that different treatment of
aluminium had on the adhesion to polyethylene. The major finding by Packham was
the size and shape of pores formed during the anodizing of aluminium within an acidic
electrolyte had a direct effect on the adhesion. These pores are introduced during the
build-up of an oxide layer on the aluminium surface during the anodizing treatment.
Electron microscopy of a polyethylene surface that had been in contact with the treated
aluminium displayed clusters of whiskers that had been embedded within the oxide
pores. He explained the improved adhesion was the result of the micro scale
mechanical interlocking. It is clear mechanical interlocking can have a significant
effect on the overall adhesion process but it will not be the only mechanism of adhesion

occurring.

1.212 Adsorption Theory

Interactions that occur between the adhesive and substrate such as Van der Waals are
the basis to which adsorption theory is constructed. This theory does not account for
primary bonds such as covalent, ionic and metallic (see section 1.213 chemical
theories) which are much stronger than the secondary bonding of dispersion (London),

induction (Debye) and orientation (Keesom) forces used in this theory. Van der Waals
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forces play a key part in explaining phenomena related to interaction between the
substrate and adhesion in processes such as wetting or spreading of the surface. A
better understanding of secondary forces can be obtained from materials in the solid or
liquid phase as the molecules have intimate contact with one another. Methane at room
temperature is a gas however, at -182°C it is a solid held together by dipole
interactions.®” Orientation of the molecules to maximise attractive forces through
dipole interactions is an essential process of absorption theory. Van der Waals bonding
interactions are a collection of dispersion, orientation and induction forces which will

now be covered in turn.

Dispersion or London dispersion forces (more appropriate when discussing adhesion)
is the theory used to describe that neutral symmetrical molecules such as hydrogen or
argon also display attractive adhesion forces. Inherently neutral molecules such as
argon will not possess dipole — dipole interactions or dipole — molecule interactions
however, as these molecules can be collected as a liquid or a solid there must be some
form of attractive force present. This situation was initially developed in the 1930s by
F. London when working on molecular interactions.®® A molecule that is neutral will
have on average a symmetrical electron distribution. If the electron distribution was
considered at a single instance however, the likelihood of having a symmetrical
distribution of electron density is unlikely as the electrons will have a definite
distribution and a dipole moment.*® This short lived dipole moment can then induce a
dipole moment onto an adjacent molecule. As there will be a difference in charge
between these two molecules there will be a net force of attraction. The dispersion
force is the force of attraction that results from averaging all the possible instantaneous
configurations that the electrons within the first molecule can occupy. London
dispersion forces are universal and exist in all situations where molecules come into
intimate contact on a molecular level. Secondary interactions of this sort are weak
compared to covalent bonds e.g. 5 — 50 kJ mol™ for dispersion forces compared to 60
— 700 kJ mol™* for covalent bonds but it is the high number of possible interaction that
make dispersion forces a key part of Van der Waal forces and adsorption theory.3 In
polyurethane chemistry hydrogen bond strengths can vary from 24 kJ mol for phase
mixing interactions (urethane N-H with ether oxygen) to 47 kJ mol? in phase

separation interactions (urethane N-H with urethane carbonyl).
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Dipole —dipole interactions or Keesom orientation forces also play a part in explaining
adsorption theory.*® Firstly a molecule will possess a permanent dipole when there is
a noticeable difference in electronegativity of the bond and the electron density
distribution is not symmetrical. As a consequence in a simple covalently bonded
molecule one end will possess a net positive charge, with the other a net negative
charge, even though the overall molecule will be electrically neutral. Molecules that
have dipole moments will therefore be able to interact with one another when
sufficiently close. If ample movement is available then alignment or orientation of
molecules to maximise attractive forces will occur. This process is known as the
Keesom orientation force after W. H. Keesom who investigated dipole — dipole
interactions.*> Permanent dipole — dipole interactions of this type will have bond
energies in the range of 4 — 20 kJ mol2.3®

Like in dispersion interactions whereby a neutral molecule can interact with another
neutral molecule through a small difference in electron density, molecules that possess
a dipole can also interact with neutral molecules through a similar process.*® The
molecule that possesses a dipole moment will be able to induce a dipole moment to the
neutral molecule by polarisation of its electric field. This process is known as the
inductive effect or Debye induction after P. Debye who worked extensively within this
field. Bond energies of such dipole — induce dipole interaction are considered weak

with values usually less than 2 kJ mol*.%

London, Debye and Keesom interactions are grouped together under VVan der Waals
interactions when discussing adsorption theory as they all occur together. The total
contribution of the adsorption component is often assumed to be the summation of all
the individual dispersion, induction and orientation interaction energies. Ideally
charges would like to align head to tail as this maximises attractive forces and

minimises repulsive forces (see figure 1.08).

(b) (a)
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Figure 1.08: Dipole — dipole lowest energy configurations (a) two isolated dipoles
with head to tail orientation and (b) three dipoles with a more complex structure.
It is unlikely that such pairwise alignment would occur in the condensed phase for a
liquid or solid and consequently more complex structures will result. This makes full
interpretation of the adsorption mechanism between an adhesive and substrate complex
as the attractive forces that result will be influenced by environment, chemical
functionality, morphology etc. however, adsorption theory is still extensively used to
help explain overall adhesion.

1.213 Chemical Theory

Chemical theories are based upon the formation of chemical bonds between the
adhesive and substrate which can be covalent, ionic or metallic bonds along with
hydrogen bonding and acid-base interactions. As polymer adhesion is of interest the
only possible bonds will be covalent in nature and form after the reaction of the
adhesive with active groups at the interface. In polymer adhesion forming primary
interactions such as covalent bonds between the adhesive and the substrate presents an
attractive route of adhesion as chemical bonds form joining both materials as shown
in figure 1.09. Covalent bonds have bond energies in the range 60 — 700 kJ mol*
which is around 10 — 20 times stronger than Van der Waals interactions.>® The ability
to exploit this mode of bonding will depend on the molecular weight of the adhesive
as the number of reactive end groups will depend on the weight and functionality,
adhesives ability to wet the substrate surface, substrates interface having compatible

functionality and correct curing conditions.

Covalent bond formation as the adhesive cures will create chemical links between the
adhesive and the interface. Adhesion of this type is strong as covalent bonds will need
to be cleaved before the bond will fail at the interface. If a higher molecular weight
polymer is used, the number of free reactive end groups is reduced which limits the
potential for covalent bonding. This occurs as most reactive groups are consumed in
matrix formation which reduces the number available for reaction with the interface.
When such a situation is presented another mode of physical bonding can be exploited

which is to maximise hydrogen bonding.
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Figure 1.09: Schematic of covalent bond formation between reactive isocyanate
groups of adhesive and hydroxyl groups at the substrate interface.

Hydrogen bonding is a strong interaction that occurs between a hydrogen donor atom
that possesses a net positive charge due to being bonded to a more electronegative
atoms e.g. oxygen or nitrogen that is stabilised by an electronegative atom that is in
close proximity. Hydrogen bonding can be found in the dimerization of organic
carboxylic acids, however, it is also found in polymers and gives cellulose its
crystalline domains as well as giving nylon its high strength (see figure 1.10). Typical
hydrogen bonds have energies of around 40 — 50 kJ mol*, which positions them
between Van der Waals and covalent bonds.*! Engineering the adhesive formulation
to maximise hydrogen bonding can help obtain high bond strength with certain

polymer substrates.

In an adhesion situation where a liquid comes into intimate contact with a solid there

are three possible types of hydrogen bonding;

» Functional groups such as ester, ketones, ethers or aromatic ring can act as
proton acceptor in polymers such as poly(methyl methacrylate), polystyrene,
polycarbonate,

» Partially hydrogenated polymer such as poly(vinyl chloride) or chlorinated
polyolefins can act as proton donors

» Functional groups can be both a proton donor and acceptor, this is observed in

polymers such as polyamides (nylons), poly(vinyl alcohols) and polyurethanes.
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Figure 1.10: Hydrogen bonding can occur in small molecule such as (a) carboxylic

acids or within polymers like (b) cellulose and (c) nylon 6,6.%> Hydrogen bonding
can increase the bond strength in some adhesive application however; it will not be the
sole mechanism relied on for adhesion due to its susceptibility to water ingress which
can plasticise the interface of the substrate resulting in a weak boundary layer and
subsequent bond failure.** Acid — base interactions are another key theory that falls
into the chemical category of adhesion. Interactions of this type are based upon the

Lewis and Brgnsted theories of acids and bases.3?

An acid will classically be defined as a molecule or compound containing a hydrogen
atom that may be replaced by a metal resulting in a salt compound being formed. This
simple explanation of an acid material specifies that an acid will donate a hydrogen
atom or proton and this will define a base as a compound that accepts a proton
(historically this associated a base with hydroxyl groups). When discussing adhesion,
this simple acid — base chemistry is not very useful for understanding what processes

are occurring as these reaction are of small molecules in solution.**

Extending acid — base chemistry to Brensted’s interpretation a greater understanding
of how such interactions can occur in adhesion becomes clearer. Brgnsted defined an
acid as a compound that was able to donate a proton and a base as a compound that
could accept a proton.**  Applying Brensted’s theory to the reaction of acetic acid
(acid) and water (conjugate base) the products are hydronium and an acetate ion which
are the conjugate acid and base respectively. As the CH3*COO" ion would not be
commonly regarded to as a base, Bragnsted was able to through his theory free the

hydroxyl ion as being associated with the only type of base compound (see scheme
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1.1).** This reclassification of the theory still gets used today as it allows adhesion
phenomena to be better explained using acid — base interactions.

—_—

CH,COOH 4 H0 ~—=  H;0® + CH;COO"  [Scheme I.1]

Acid Conjugate Conjugate Base
Base Acid

Lewis expanded acid — base theory and his addition is commonly used in the
explanation of interactions occurring in adhesion based applications. Lewis changed
the definition of an acid to a compound that can accept an electron pair, making a base
a compound that can donate an electron pair. This expansion of acid — base theory by
Lewis redefined an acid by freeing the concept of acidity beyond a species that contains
hydrogen.** Considering a common acid — base reaction e.g. the reaction of H* with
OH- to give H20, Lewis theory can still be applied (see scheme 1.2). The basic OH
or nucleophile donates a non-bonding pair of electrons to the acidic or electrophilic
H*. Lewis theory commonly is used to explain the adhesion seen between metal

surfaces and polymer adhesives through electron donation (see scheme 1.3).

H + OH S S H,0 [Scheme 1.2]
/ .
M* + 0=—¢ ~ — M+O—C\ [Scheme 1.3]
\R .
Acceptor Donor
M™* = Metal
Cation

Considering all the kinds of possible chemical bonding theories it is possible to see
that a number of mechanisms can be occurring simultaneously. This makes it difficult
to deconvolute the exact contribution that each kind of chemical bonding is responsible

for within the overall strength. Nevertheless, a good understanding of chemical
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theories will help with the prediction of substrate — adhesive compatibility, possible

mechanisms of bonding and the wetting behaviour that will be encountered.

1.214 Diffusion Theory

The final theory of adhesion that is commonly encountered comes under the label
diffusion theory. This theory is based on when two polymer films come into intimate
contact with one another it is possible for the migration of chain ends across the
interface resulting in the polymers adhering.

Early work developing this theory of adhesion was carried out by Russian workers
including Voyutski and they were able to demonstrate good agreement between
theoretical predictions and experimental work.*®  Within this study they analysed
unvulcanised rubber and investigated its auto-adhesion properties (auto-adhesion =
adhesion between two films of the same material). From this work they suggested that
long parts of the polymer chain were able to interpenetrate across the interface and
after sufficient time the two parts appear to hold together as one. For such molecular
motion to be feasible there must be a considerable amount of motion, little to no cross-
linking and for the materials to be well above their glass transition temperatures. The
glass transition temperature is a primary thermal event which displays where a
polymeric material goes from hard and glassy to soft and rubbery. Figure 1.11 displays
a schematic representation of the diffusion of polymer chain across the interface which

results in disappearance of the interface as the polymer chains become more entangled.

<+— |nterface

<+— Polymer B

Figure 1.11: Polymer diffusion between two amorphous polymers leading to

chain entanglement and adhesion.
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Since this early work, this theory has been expanded through the use of modelling
which aids with understanding and interpreting the polymer diffusion processes
occurring. Vaesin et al extended diffusion theory by mathematically modelling the
force required to separate two different polymer surfaces.*® The mathematics involved
in developing this model are out with the scope of this thesis but it was identified that
the force was dependent on factors such as: rate of separation, contact time of the
polymers and molecular weight of the polymers. This early model was clarified by
experimental work which involved developing a relationship between contact time and
adhesive strength of nitrile rubber with natural rubber. A further study which involved
peel testing of different molecular weight polyisobutylenes from cellophane was

further clarification of the model.?®

More recently diffusion of polymers has been the subject of further modelling. These
models are based on the time taken for diffusion to occur between two amorphous
polymers above their glass transition temperature. Modelling of polymer diffusion
theory is built around Brownian motion of molecules and this splits the rate of diffusion
into five different time regions. These regions are sorted by order of increasing
relaxation time starting with individual chain segment short-range Fickian diffusion,
Rouse relaxation of chain entanglements, full chain undergoing Rouse relaxation,
reptation diffusion or chain creep and finally long-range Fickian diffusion.*® The
detailed discussion of the time scales for each process is out with the scope this report
however, from this short discussion it is possible to deduce that modelling of diffusion

processes is rather complex.

To better understand results obtained experimentally which can either have low or high
interface strengths two models have been developed. The nail solution model is used
for weak interface diffusion where interpenetration is low and failure is mostly due to
the removal of chain ends across the interface.*” This model is constructed around two
polymers being held together by interpenetration molecular chain ends. By summing
both the number and depth of chain ends that cross the interface it is possible to
calculate what is force required to overcome the adhesion per unit length of chain end.
When interpenetration become greater and the interface cannot easily be distinguished,

the vector percolation theory model is applied. Due to high levels of chain diffusion,
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the interface will populate a larger volume compared to the nail model, making its
capacity towards energy dissipation greater and therefore more resistant to rupture.
Accordingly the model must calculate the depth of interpenetration from one substrate
to the other but must also account for polymer chains that have passed across the
interface multiple times. Consequently to separate the substrate materials both bond
rupture and disentanglement are required.

Furthermore, vector percolation theory also needs to account for the breakdown
process that can occur in three-dimensions. This model factors in the possible modes
of chain entanglement and accounts for the increasing matrix like characteristics that

the interface contains.

In applications where diffusion is present it will be a contributing factor to the overall
adhesion along with other adhesion mechanisms e.g. mechanical, chemical, adsorption
etc. Recently due to advancements in computing technology, experimental and
computational results for processes like diffusion and interpenetration are now
becoming more consistent. Surface sensitive techniques such as secondary ion mass
spectroscopy and X-ray photoelectron spectroscopy have made it now possible to

directly observe polymer diffusion.*®

1.22 Adhesion Failure Modes

Understanding the possible ways in which an adhesive can fail will assist in the
determination of a product’s lifetime. The application, in which the adhesive is used,
coupled with the substrate type and their orientation, will strongly influence the mode
of failure. These parameters will also influence the methods that can be used to
determine the mode of failure. During tensile testing for example the minimum

strength required to cause a failure can be obtained.

It is well known adhesive failures within a product commonly results from long term
exposure to sources of humidity such as water submersions of joints and this makes
understanding both the failure along with the joints lifetime essential.** As mentioned,
the application in which the adhesive is required to serve will dictate the type of
adhesive used. This will be combined with the type of substrate, adhesion promotion
and possible joint protection method. The modes of failure that can occur in such a

joint can be in a number of places as a result:
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» cohesive failure of the substrate

» adhesive failure at the substrate — adhesive interface

» cohesively within the adhesive

» adhesive failure at the substrate — adhesion promoter interface

» cohesive failure within the substrate — adhesion promoter layer
» adhesive failure between the adhesion promoter and primer

+ cohesive failure within the primer

« Commonly the mode of failure obtained can be a mixture of one or more of the
above modes.®® By successfully identifying the origin of the failure it is
possible to determine the weakest component of the system which assists in the
prediction of where subsequent failures are most likely to occur. Gaining this
information can assist with the diagnosis of future failures along with solutions

to help perturb or remove the failure altogether.

L

(@) (b) (©)

Figure 1.12: Peel testing arrangements commonly used. (a) 90° peel, (b) 180° peel
and (c) 180° T-peel.>!

Gaining such information is possible by either waiting on a failure occurring or more
commonly by testing of the system using mechanical techniques. For adhesive
applications, the most common method of testing are peel based. A peel test
determines the energy/force required in removing or peeling a flexible material from a

substrate with the de-bonding force recorded giving a measure of the adhesion
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strength.®® Commonly peel testing is performed in adhesive applications where the
substrate is ridged and the adhesive is peeled off at a defined angle (see figure 1.12 (a)
and (b)). Unfortunately not all applications have a ridged substrate meaning that
another test is required namely a 180° T-peel test to measure the adhesion strength (see
figure 1.12 (c)). Within both these tests, the strength is calculated based on the force
per unit width making it essential to have the test piece standardised to ensure
repeatability. The test procedure also has to be standardised as changes in the peel rate

will also affect the results obtained.

In peel testing a profile or trace of the full test is obtained that is commonly plotted as
peel force (N) versus extension (mm). Following the production of a stable crack
(crack initiation data from start of the test often discarded), the average peel strength
can be calculated along with the deviation, mean and any systematic variations can be
easily observed.®® The peel strength as a result can be calculated using the following

formula;

Fw

P=_(1—cosw)— Wit Equation 1.1
P = peel strength in N mm™, F = force in N, w = sample width in mm, A = extension

ratio (extended length/original length), ® = peel angle, Wi = strain-energy for

extension A and t is sample thickness.>!

(@) (b)

(c) (d)

Figure 1.13: Common modes of failure encountered during 180° T-peel testing of
plastics. (a) Cohesive within adhesive, (b) adhesive at the interface, (c) jumping
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adhesive failure and (d) cohesive substrate failure (grey arrow indicates direction
that crack is traveling).>

Depending on the experimental conditions selected equation 1.1 can be further
simplified. Ifthe peel extension is considered negligible (very common) it results in A
being equal to 1 and W, bring equal to 0. For peel angles of 90° and 180° equation 1.1

is simplified to:

F

Pro=w Equation 1.2
2E.

Pr=w Equation 1.3

Where m/2 is a peel angle of 90° and & is a peel angle of 180°.%

Calculation of the peel strength using the above formula can then be reported combined
with the mode of failure which is obtained from inspection of the test piece. Four
common modes of failure encountered when peel testing plastic substrates are:
cohesive within the adhesive, adhesive at the interface, jumping adhesive failure and
cohesive failure of the substrate as shown in figure 1.13. In an ideal material which is
homogeneous, the crack formed during the peel test will propagate perpendicular to
the direction of the largest stress. When the weakest component within the
joint/laminate is the adhesive layer itself, the crack will remain in this layer throughout
the test resulting in a cohesive failure of the adhesive (figure 1.13 (a)). Adhesive
failures identify that the adhesive-substrate interface is the weakest component within
the joint. In adhesive failures of this type, the crack will start cohesively within the
adhesive but will migrate to one interface and follow that interface for the remainder

of the test as shown in figure 1.13 (b).

If an oscillating shear is used the adhesive failure can jump from one interface to
interface the other however, this is also possible when two different substrates or two
different thicknesses of substrate are used. Finally if the adhesion strength is high, a
cohesive failure of the substrate can occur. Failures of this type display that the
adhesive matrix does not compromise the joint strength as the adhesive has a greater

matrix strength than the substrate.
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From the mode of failure and the strength obtained, the practically of the adhesive joint
can be evaluated for the proposed application. The mode of failure obtained is the
result of complex interactions between the adhesive with the interface which are
inherent of the stresses and energy within the adhesive layer. It is the balance between
these parameters which dictates where the joint will de-bond or fail. In some cases the
failure will simply initiate and propagate within the weakest region of the joint e.g. at
the interface. However, in many cases residual stresses within the adhesive layer will
drive de-bonding along a certain path which does not correspond to the weakest
component. Caution must be advised when interpreting data collected as when the
experimental set-up is not optimised for the application invalid data will be obtained.
Nevertheless adhesion failure modes are still very informative and must be considered

in any application in which an adhesive is present.

1.30 Adhesives

An adhesive is defined as a material that can bond two substrates together and then be
able to resist separation. When selecting an adhesive for any application it is essential
to consider some vital parameters to ensure it is fit for purpose such as the adhesive
chemistry, the curing chemistry, the compatibility with the interface(s), if incompatible
then available surface treatments, the delivery method for the adhesive, the
manufacturing demands of using such a material, the testing parameters for the purpose
and the aesthetics.!” The level of priority that each of these parameters is given will
differ from application to application but are useful for narrowing down the choice of
adhesive. In order to understand what possible adhesives are applicable for the

proposed application the chemistry of the system must first be considered.

Generally the adhesive is named after the kind of chemical functional group present or
formed e.g. epoxy, acrylic, polyurethane, silicone. An epoxy adhesive gets its name
from the epoxy ring present in one of the starting materials whereas polyurethane
adhesives are named after the group formed during cure. Within this report the
material of choice must be readily used in lamination, the adhesive of selected must be
structural in nature to ensure that the adhesive will contribute to the laminate strength.
Some typical structural adhesives will be discussed and their suitability for use within

a lens laminate considered.

36



1.31 Epoxy Adhesives

Within the adhesive industry and more specifically the structural adhesive industry,
epoxy based adhesives are the most widely used.> Epoxy adhesives are classified by
the presence of free three-membered epoxy or oxirane ring(s) (two carbon atoms with
a single bridging oxygen atom) within the formulation, these groups are commonly
positioned at the terminus of the molecule. They are extremely versatile materials
from a formulation view point and this has contributed to the large availability of
varying types of epoxy based adhesives. The large variety of epoxy resin molecules,
combined with the a large number of available curing chemistries means that an epoxy
adhesive can be formulated to meet specific demands e.g. shelf life, cure time, cure
temperature, shrinkage, resistance, toughness etc.>* The variety of available starting
materials means epoxy adhesives can service an extensive range of components. Often
epoxy adhesives are used when bonding two materials of varying composition
together; this can often be difficult as each adherent will present a different kind of

surface chemistry.

1.311 Unmodified Epoxy Adhesives
Substrates that are often bonded with epoxy adhesives include; aluminium (plus alloys
of aluminium), titanium alloys, carbon steels, nickel, copper, fibre reinforced plastics

(both thermoplastic and thermoset), glass and wood.>*
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Figure 1.14: Common commercially available epoxy resins (a) diglycidylether of
bisphenol A, (b) Huntsman’s Tactix 742, (c) Huntsman’s Araldite CY 179, (d)

Huntsman’s Araldite MY 721 and (e¢) Huntsman’s Araldite MY0515.%
Industries that exploit this flexibility are automotive, aerospace, construction,

electrical, abrasives, furniture and consumer. Common epoxy adhesive resin materials
(see figure 1.14) are liquids or semi-solid and they require reaction with a hardener or
curing agent before they can set into a solid adhesive. When the correct curing
chemistry and conditions are applied then a cross-linked solid material will be
produced. Early epoxy adhesives which are now referred to as unmodified epoxies
were simple formulations containing only epoxy resin and hardener, this mixture when
cured was of high tensile strength but was also inherently brittle and possessed poor

peel behaviour.
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Figure 1.15: Epoxy curing reaction between bisphenol-A epoxy resin and
4,4'sulfonyldianiline.>*

The ring opening process of the oxirane structure which leads to the cure of an epoxy
adhesive is achieved in the presence of a hardening agent that has active hydrogen.
The active hydrogen can be aliphatic or aromatic in nature and most commonly will
be within an amine or hydroxyl functional group, but it may also be within tertiary

amines, imidazoles, BFs complexes and antimony fluoride complexes.®* When an
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amine with more than two active hydrogens and a di-terminated epoxy resin are used
the addition reaction will lead to a cross linked structure. Figure 1.15 displays the
addition reaction between the epoxy resin of bisphenol-A and 4,4'-sulfonyldianiline.
Active hydrogens of the amine will ring open the epoxy leaving a free secondary NH.
Once all primary N-H hydrogens have been consumed, secondary N-H groups will
start to react which leads to cross-linking within the matrix. When two epoxy groups
have consumed both the primary and secondary N-H (figure 1.15), further cross-
linking via the active hydrogen of the hydroxyl group can occur. Further methods for
curing of an epoxy adhesive are available but they will not be detailed within this

report.

1.312 Toughened Epoxy Adhesives

Today’s epoxy formulations are normally termed as toughened adhesives and this
refers to the enhanced impact resistance that they possess when compared to
unmodified epoxies. Toughened epoxies where first developed in the 1960°s when it
was discovered that the addition of a reactive liquid polymer resulted in a distinct
improvement in the cured epoxies toughness. This discovery led to the formulation of
adhesives that had both better physical and mechanical properties in both the uncured
or cured state. Initially the introduction of high molecular weight polymers such as
phenoxy resins, polyvinyl acetal resins and polyamides were used as the secondary
phase as they introduce greater flexibility into the final cured material. A secondary
phase is an immiscible material that phase separates from resin upon cure. The net
result was an observed improvement in peel character and tensile strength but this was

offset by a poorer high temperature performance.

Most recent attempts at improving the epoxy adhesive strength stems from work
carried out on high impact polystyrene chemistry. It was observed that when a discrete
amount of a solid secondary phase was dispersed through a polystyrene matrix, the
result was a high impact material. This was applied to epoxy adhesives using three
main strategies: reactive liquid polymers, reactive elastomers and thermoplastic

modifiers.>®

Reactive liquid polymers: Liquid rubbers such as acrylonitrile-butadiene copolymers

or long chained polyether’s are effective additives for improving the cured materials
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toughness of epoxy adhesives.*® In order to gain the increased toughness a prereaction
step is required by which the epoxy resin or hardener material is reacted with the active

end groups of the reactive liquid polymer.

a=41.7
b=1545

Hycar CTBN 1300X13

2 140 2

Dynamar HC-1101

Figure 1.16: Pre-reacted acrylonitrile-butadiene rubber commercially available
from Noveon top and pre-reacted amine hardener commercially available from
Dyneon LLC bottom.>®

Polymers used for this process will have molecular weights that range from 3000 —
10,000 and are often either carboxylic acid or hydroxyl terminated for the acrylonitrile-

butadiene rubbers with the hardeners being amine terminated.

Reactive elastomers: Unlike the reactive liquid polymers the reactive elastomer
polymers are solids and have higher molecular weights of 200,000 to 300,000.° Like
the reactive liquid polymers they require pre-reaction with the epoxy resin to ensure
that the final cured material has an increased toughness. Most available hardeners of
this type can be dissolved into the epoxy before pre-reaction or added in an appropriate
solvent which can be recovered later. The solvent free approach however, is generally

the preferred option as it removes the need for solvent recovery.

Thermoplastic modifiers: The previous examples of secondary phase toughening
agents (reactive liquid polymers and reactive elastomers) required pre-reacting with
the epoxy resin to observe any property enhancement, for thermoplastic modifiers this
is not the case. The thermoplastic modifier is generally dissolved into the epoxy resin

using either a solvent or simply by taking the thermoplastic above its melt temperature.
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Some thermoplastics that are readily used for such modification are shown in figure
1.18.

a=14.7
b=6.8
c=2.1

Figure 1.17: A typical carboxylated acrylonitrile-butadiene elastomer used for
secondary phase toughening of an epoxy resin.

To ensure that thermoplastic modifiers indeed act as a toughening agent and not only
induce flexibility, then the material must achieve the required secondary phase
character during cure and react with some of the epoxy resin. This is general achieved
by ensuring that the thermoplastic used is of a high molecular to ensure that there is a
difference in the solubility parameters to encourage secondary phase formation and

having available active groups.

(a) (b)

Q
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©
Figure 1.18: Thermoplastic modifiers (@)
poly(ethersulphone), (b) poly(phenylenesulphidesulphone) and (c)

poly(etherimde) which are used to introduce secondary phase reinforcement to

epoxy adhesives.>®
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Even after viewing all the recent developments in epoxy adhesive e.g. toughened epoxy
materials showing greater impact resistance and reduced brittleness, an epoxy resin
based adhesive will not be suitable for the intended application as an adhesive in a lens.
Reasons behind this conclusion are the brittle characteristics of the parent material, UV
degradation susceptibility and finally the poor flexibility at low temperatures (above
room temperature glass transition).>” The need to formulate an epoxy with additives
to gain the desired properties will almost certainly have an impact on the optical clarity

of the cured adhesive which will make it un-suitable for the lens application.

1.32 Acrylic Based Adhesives

Acrylic based adhesives cover three main groups of polymer adhesive namely, the
acrylic, cyanoacrylate and toughened acrylic adhesives. This class of polymer
adhesive is an extremely versatile type of reactive adhesive that are continually being
integrated into many industrial processes. They are also commonly encountered in the
consumer market as they have short cure times and high bond strength combined with
their ease of application. Adhesives of this type have been used for well over 50 years
and a recent resurgence in their application is apparent due to new monomers, curing

systems and applications being found.%8>°

1.321 Acrylic Adhesives

The family of adhesives known as acrylics are constructed from the esters of acrylic or
substituted acrylic acids and are generally split into two types the
acrylates(l)/methacrylates(ll) or the cyanoacrylates (Il1l) (see section 1.322 for
cyanoacrylates). Within this section the acrylates and methacrylates will be discussed

and the free-radical polymerisation chemistry that leads to their cure.

Acrylic adhesives are formulated using unreacted methacrylate (or acrylate) monomer,
a toughening or thickening polymer to regulate viscosity, adhesion promoters, and a
polymerisation agent.®® These structural adhesives show great versatility to the
formulator as there are a large number of different monomers and resins at their
disposal. Cured materials can be formulated to be flexible but tough or hard yet ridged,
which is all dependent on the glass transition temperature of the material coupled with

the functionality of the monomer.
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Figure 1.19: Acrylic acid monomer units used in acrylic adhesives (I) acrylate,

(1) methacrylate and (111) cyanoacrylate.®°

The viscosity of acrylic adhesives is commonly low enough to promote wetting of
various substrates and to allow for rapid application to the part(s) being bonded.
Following application free radical polymerisation then proceeds by sequential addition
rapidly, curing the liquid into the final solid material.®® Inducing free radical cure of
the adhesive can be carried out in a variety of ways such as ultraviolet light, applying
an activator to a substrate interface, reaction with an impurity/contamination on the
substrate interface, by having a two component adhesive that reacts upon mixing or

most commonly introduction of air or heat.

In the 1950s some of the earliest acrylic adhesives based on methacrylate monomer
were mixed with an organic peroxide and upon introduction of an amine or metal salt
would initiate the free radical cure and they were used to bond poly(methyl
methacrylate) sheets in aircraft canopies. These two components systems contain an
organic initiator e.g. benzoyl peroxide and are catalysed by tertiary amine catalyst e.g.
dimethylbenzylamine.>® The organic peroxide component of these two part systems
activates the polymerisation and will be kept separate from the monomer (and other
formulation additives) containing the amine. Peroxides will often be supplied as
solutions or pastes containing a plasticiser which will allow for sufficient mixing of
the two components. Typically, commercially available acrylic adhesives of this type
will have a working time of between 1-2 minutes and will have cure times of around
one hour. Conversely, the activating peroxide can be applied to one or both substrates
prior to the acrylic formulation applied to the joint. This method is only appropriate
when the gap between substrates is small enough that effective mixing occurs during
joint compression. For large gaps the previous two component system applies to
ensure that full cure will be obtained.

1.322 Cyanoacrylate Adhesives
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Next in the acrylic family, namely the cyanoacrylates, is another version of these rapid
cure structural adhesives. The key difference between the cyanoacrylates and the
acrylate is the introduction of the C=N group where previously a proton was found for
the acrylates or a methylene for the methacrylates. Cyanoacrylate systems are
normally one-component adhesives based on alkyl-2-cyanoacrylate monomers.5! The
rapid polymerisation occurs when the system becomes exposed to source of
nucleophiles which results in the formation of high molecular weight linear
polymers.®? A major difference observed for these types of structural adhesives are

that they contain high monomer content with only a small proportion of additives.

R = Methyl CH;-
N Ethyl CH;CH.,-
i/]\ n-Butyl CH;(CH,)5-
RO” ~O Allyl CH,=CHCH,-

B-Methoxyethyl CH;OCH,CH,-
B-Ethoxyethyl =~ CH;CH,0OCH,CH,-

Figure 1.20: The most commercially important alkyl -2- cyanoacrylate esters.52
The production of alkyl-2-cyanoacrylate esters can be achieved by a variety of
synthetic routes; however, the most important and commonly used is the Knoevenagel
condensation of formaldehyde and an alkyl cyanoacrylate.®® Low molecular weight
poly(alkyl-2-cyanoacrylate) polymers are formed during the base catalysed reaction.
The monomer can be obtained by subsequent depolymerisation under vacuum in the
presence of an acid (such as sulphur dioxide), with the monomer being collected by
distillation. To ensure that the monomers do not react within the collection vessel

radical and anionic polymerisation inhibitors must be present.

Alkyl-2-cyanoacrylate monomers are polymerizable via radical or anionic methods but
for adhesive applications the anionic method of chain growth dominates.
Cyanoacrylates possess two electron withdrawing groups which pull electron density
away from the m-electron system making the [3-carbon more susceptible to nucleophilic
or anionic attack.%? This forms a tertiary carbanion at the a-carbon which can be further

stabilised by delocalisation via structure 1 and 2 (see figure 1.21).
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Figure 1.21: Nucleophilic addition reaction scheme of an alkyl-2-cyanoacrylate
and resonance stabilised forms 1 and 2.5?

The rapid curing of these systems can be explained by the unhindered electrophilic
Bcarbon coupled with the stabilised carbanion. During adhesion, the curing process
will be initiated by a nucleophilic activator that is applied to the substrate. If the
species that initiates the polymerisation is an ion then the curing processes will proceed
by an anionic mechanism. However, if the activating species were a neutral molecule
(an amine for example) then the subsequent polymerisation will proceed using a
zwitterionic mechanism (see figure 1.22). Irrespective of the mechanism of cure, the
process will be rapid and will occur at a much faster rate than that of radical
polymerisation.®®  Commonly ionic polymerisations are highlighted for their
sensitivity towards termination reactions; however, for cyanoacrylate termination is

only observed when a strong acid is present.

As previously mentioned cyanoacrylate adhesives are one-component materials which
contain a low amount of additives. These additives are added in small amounts to help
improve the performance profile of the adhesive and can be split into two sets:
additives that interfere with the polymerisation process itself or additives that alter the
final properties of the polymer. Stabilisers are often added as an additive as they allow
for a balance to be struck between cure speed and formulation stability which are
known problems associated with cyanoacrylates. This can be controlled by careful
selecting an appropriate anionic polymerisation inhibitor e.g. sulphonic acid, sulphur
dioxide, sulphamides or boric acid chelates.%* Phenolic free radical inhibitors such as
hydroguinone or hindered phenols are also added to improve the curing characteristics

of cyanoacrylate systems.
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Figure 1.22: Schematic of the possible curing modes of alkyl-2-cyanoacylates
adhesives following an anionic or zwitterionic mechanism.®?

Accelerators can often be added to cyanoacrylate adhesives to increase the rate of cure.
These compounds only increase the rate of polymerisation as they are nucleophilic
enough to serve as an initiator. The mechanism by which accelerators work is still
unclear , it has been suggested that they can isolate metal anions which increases ion
separation at growing chain ends or by activation of anions on the substrate. Examples
of compounds that are commonly used as accelerators are crown ethers, polyalkene
oxides, podands and calixarenes.®® Plasticisers are also commonly added to
cyanoacrylate adhesives to improve the brittleness that these materials display. This
can be achieved by adding materials that do not copolymerise with the adhesive which
are often ester based or high molecular weight alkyl cyanoacrylates. These additives

alter the final properties of the adhesives by slowing down the curing rate.

1.323 Toughened Acrylic Adhesives

Like in epoxy adhesives rubber based toughening agents such as
acrylonitrilebutadiene-styrene and methacrylate-butadiene-styrene copolymers are
often added to improve the adhesives performance. It is believed that the increased
toughness can only be obtained when a secondary phase of small rubber particles is
formed. The ability of the cured material to absorb and dissipate energy during impact
is attributed to these rubber particles. Formulations also will commonly include free
radical stabilisers, curing accelerators, adhesion promoters (can be applied to substrate
or mixed with adhesive before application) cross-linking agents and fillers.>® Non-
toughened acrylic adhesives are rigid, brittle polymer which makes them able to carry
high loads and have high tensile strength but this is coupled with poor impact resistance
and poor peel strength.%* Thus highlighting the need to find and implement a method

that improves the overall toughness of the adhesive.
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The monomer used within the toughened acrylic adhesive will be determined by a
variety of factors such as: the solubility of the rubber toughening agent in the monomer,
the volatility and the cure speed. Alkyl acrylate polymerise to give adhesives
properties of high-modulus, high glass transition (commonly around 100°C) and glassy
morphology. Volatility of methacrylate polymers are normally linked to the odour
associated with the final cured adhesive. Volatile methyl methacrylate based adhesives
are usually termed high odour tack free adhesives, while formulations based on the
less volatile hydroxyethyl, hydroxypropyl, ethylhexyl or tetrahydrafurfuryl
methacrylates are termed as low odour adhesives. The curing reaction occurs at room
temperature by free radical polymerisation usually initiated by a peroxide or
hydroperoxide. Cure accelerators are applied to the interface when using a one-part
adhesive or mixed with the adhesive prior (within a solvent or a paste) to application.
An industrially common accelerator which is a reducing agent, is the aromatic amine
N,N-dimethylaniline. Also substituted thioureas such as ethylene thiourea or benzoyl
thiourea can be also be used as the reducing agent but are not as commonly used due
to their toxicity.?* Transition metal catalysts can also be used to improve the cure

speed of toughened acrylic adhesives.

A common application where toughened acrylic adhesives excel is in the bonding of
steel joints that have an adhesive thickness less than 1 mm. One-part toughened
adhesives are used for this task with the adhesive applied to one face and the activator
to the other face. As the joint is closed the cure is initiated, with handling strength
normally developed in a few minutes and full strength in a period of hours. The
limitation with this particular method is that as the adhesive width goes beyond 1 mm
incomplete cure will occur as the activator will not be able to diffuse through the

material as it hardens.

To ensure this does not occur when thicker adhesive layers are required a two part
adhesive is applied. The two parts will commonly be the monomer mixture with
stabilisers, inhibitors, fillers etc. and the activator which will be a solution or paste.

The mixing can be performed by dynamically mixing the two materials together
followed by subsequent application as a continuous bead. More commonly a static

mixing nozzle is used as both parts are homogeneously mixed as they are pushed down
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the nozzle. At the tip of the nozzle the homogeneously mixed material can be applied
as a continuous bead on to one substrate before the joint is closed. The previous
methods of mixing are also used for other adhesive types. A method which is unique
to acrylics is the “non-mix” method where two beads are applied simultaneously one
on top of the other of each component.* Mixing is achieved when the joint is closed

which initiates the curing of the acrylic.

Acrylic adhesives appear as an attractive option for lens manufacture. Their clear
appearance and fast curing nature coupled with their ease of supply make them a
possible option. However, as they are inherently brittle they cannot be used in their
native state and a toughened acrylic adhesive will be required. This requires as
previously mentioned adding in a toughening agent which will have an effect on the
optical properties of the adhesive as the size of the second phase could result in light
scattering. They are also high glass transition materials limiting their performance in
low temperatures which may be encountered in the proposed application. Finally a
large proportion of the research that has been carried out on these systems is for metals
and only recently has it been applied to plastics. This could make it a lengthy and
difficult project as little literature on the adhesion of cellulosic or polycarbonate based

plastic had been carried out with the main focus thus far on polyolefin based plastics.

1.33 Silicone Adhesives

The success of silicone materials is inherent of the variety of forms in which they can
be applied e.g. pure fluids, emulsions, solvent based formulation, resins, elastomers
etc.®® The adhesion properties of these materials are also very flexible with silicone
based material applied as adhesives, coatings, pressure-sensitive adhesives, mould
release agents and sealants.%” An adhesive is defined as a material which once applied

to two other materials will bond them together.

Using silicone chemistry, the ability is presented to formulate a material with different
adhesion properties at different interfaces. This is best demonstrated by mould release
agents where the adhesive strength between the silicone and the substrate is high but
the adhesion between the silicone and the mould is low. Having these different
adhesion properties allows for the substrate to be easily removed from the mould.

Furthermore, silicone adhesives can be formulated to cure in a matter of seconds or
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hours and can be used in applications that are out with the capabilities of most organic
adhesive.®®% This is reflected by the number of varying industries in which silicone
adhesives are used such as the aerospace, textile, construction, electronic, medical and

healthcare.

Silicone adhesives are classified as primed, unprimed or self-primed.®® Primed
formulations contain an adhesion promoter within the formulation. Unprimed
formulations are systems that are free of any form of adhesion promoter. This is only
true for the adhesive itself as the substrate can be surface treated using some form of
adhesive promoter. Primed formulations contain a molecule which chemically bonds
to the substrate. Forming covalent bonds between the adhesive and the substrate
increases the durability of the bond. Most commonly this process is carried out by
using an alkoxy silane molecule however, surface activation by corona discharge,

flame, or plasma treatments are also used.

Of the three classifications self-primed formulations are the most useful. Within these
formulations the adhesion promoter is part of the formulation and is part of the curing
chemistry which removes the requirement to perform pre-treatment. With self-primed
formulations as with unprimed and primed good adhesive strength with the substrate
can be achieved however, the cohesive strength within the matrix is poor. Improving
this inherently low cohesive strength can be achieved by the addition of inorganic
fillers such as silica or calcium carbonate. When these fillers are incorporated
correctly, the network is transformed into a highly elastic material with greater

cohesive strength.

1.331 Silicone Addition Cure via Hydrosilyation

Selection of the correct silicone adhesive formulation for the desired application is only
achievable after consulting the available method of cure. Silicone based materials have
the ability to cure by two methods via addition or condensation reactions.
Development of the addition cure method is for processes which require rapid
processes and fast cure of deep adhesive sections. This method of cure in which the
silicone material becomes cross-linked is faster than condensation cure. This rapid

method of cross-linking cure occurs without the liberation of any byproduct.
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The hydrosilyation reaction involves the reaction of a hydridosilane (SiH) with an
organic alkenyl group (-CH=CHy>) as shown in figure 1.23 resulting in the formation
of an ethylene bridge.®® The position of these groups can be at the chain ends to
increase the linear length or along the backbone structure to introduce cross-links into
the material. Currently platinum catalysed addition curing is the system of choice in
silicone based adhesives. Alkenyl groups are positioned at the end of each chain

whereas the SiH groups can be found at the chain end or along the backbone structure.

CH3 GHs H,CHs CHs
~0-Si-C= + —-Sj-Ow —_— i
(0] SII CH) CH» H SII 0] /O\/Si\/C\C/SI‘O/
CHs CHs HsC CH, 2
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Figure 1.23: Hydrosilyation method of addition cure between an alkenyl group
and a hydridosilane. Top reaction hydrosilyation of chain ends bottom
hydrosilyation at sites along the silicone backbone.5®

Formulations that are based on the hydrosilyation cure system can be packaged in one
or two components. In one component formulations all chemicals are within the same
pack making it necessary for an inhibitor to be included which reduces the room
temperature reaction rate thus preventing cure in the storage vessel. In two component
formulations the base polymer and the cross-linker are stored in separate
compartments. Using one of these two delivery methods it is possible to formulate
silicone adhesives, sealants and coatings based on addition cure. When formulating
such materials it is essential to consider the properties of the uncured formulations such
as: pot life, application technique, rheology, application rate and cure performance.
1.332 Silicone Condensation Cure

The condensation cure of silicone materials can be divided into two categories. The
first class are silicones that reacted by moisture condensation cure, whereby
atmospheric moisture uptake results in hydrolysis and subsequent cross-linking of the
polymer matrix. This cross-linking cure method originates at the surface then

propagates into the bulk and takes place at room temperature. The second method as
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shown in figure 1.24 is the direct condensation of polymer chains with differing
functional groups. These adhesives systems are used when fast cure of deep sections
of adhesive is required. These systems can be cured at room temperature or at elevated

temperature depending on the application and cured time allowed.

CHs CHs CHs  GHs 0
WO-SIi—OH + AcO-SIi—OM —_— MO-SIi—O-SIi—OM + H3C“/<
OAc OAc OAc OAc OH

Figure 1.24: Silicone condensation cure with the liberation of acetic acid. (Ac
represents an acetate group).5°

This type of cure is commonly encountered in silicone sealants however; the building
industry also exploits this type of curing chemistry in adhesives or coating due to their
exceptional durability and weathering properties. This has seen condensation curable
silicone materials used in situations where barrier properties against environmental
influences such as humidity, rain, pressurised water, gases, sand and dust is essential.
Another outstanding property of condensation cured silicone materials is that they can
be used in the presence of many other chemical. Silicone based adhesives can also be
exposed to ultraviolet radiation without showing any signs of degradation which is a

shortfall of common organic adhesives.

1.34 Polyurethane Adhesives

Synthesis of a urethane linkage of an isocyanate and a hydroxyl group was first
identified in the 19™ century. It was not until the early 1930s that the polyaddition
reaction of a diisocyanate and a diol to form a polyurethane was first synthesised by
Otto Bayer.”® These polyurethane materials were initially employed as elastomers,
adhesives and coatings in the short period between 1945 and 1947. "3 Probably the
most famous application of the polyurethane came next with the development of both
flexible and rigid foams in 1953 and 1957 respectively.” Since their introduction into
the field of polymer science less than 100 years ago, the magnitude of available
polyurethanes and applications has strongly risen with time. Their application areas
are the biomedical industry, sports equipment, automotive parts, furniture and fabrics

to name but a few.
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Polyurethanes are the product of an exothermic reaction between two molecules; one
contains two or more isocyanate groups with another molecule that contains two or
more hydroxyl groups. As there are a variety of different starting materials available,
the polyurethane field is ever expanding. Different aspects of these molecules can be
changed such as using polymeric versions of the isocyanates or polyols of different
molecular weight with the combination of both allowing for the fine tuning of the final
properties of the polyurethane. Polyurethanes are generally split into six main areas
based on their final applications. The percentage consumption of these six main areas
as of the year 2000 was 18% automotive, 15% coating, 18% construction, 4%
footwear, 29% furniture, 11% thermal insulation and 5% in more specific
applications.” Within this report the main area of interest in which polyurethane

chemistry is used is that of coatings and adhesives.

1.341 Types of Polyurethane Adhesive

Depending on the application of choice the polyurethane formulation can be tailored
to deliver the properties required e.g. tough, flexible, high modulus, high tensile
strength etc. Fine tuning of the formulation is carried out by correctly selecting the
isocyanate, polyol, chain-extender and method of synthesis. The delivery method of
the formulation can also be varied to suit the application of choice using solvent free,
solvent based, waterborne or hot-melt systems. Depending on the delivery method
selected it will change the available application methods e.g. solvent based systems
can be applied by spraying whereas hot melt adhesive are applied by a heated doctor
blade. Both the formulation of choice and the method of application will impact on
the morphology of the final material. Within the remainder of this chapter a brief
overview of polyurethanes adhesives will be presented.

1.3411 One-Component Systems

One-component polyurethane adhesives in their earliest sense were formulated entirely
of isocyanate. These bulk systems contained either a diisocyanate or polyisocyanate
which cured by reaction with active hydrogen present at the substrate interface or by
reaction with moisture. The moisture reaction produces a urea group via the
mechanism by which a carbamic acid group is formed by the reaction of an isocyanate
group with water. This unstable group will decompose to liberate CO> leaving an

amine which can react with a further isocyanate group to form a urea linkage.” Also
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possible during the moisture curing process is the formation of biuret groups with both

reactions facilitating the increase in molecular weight and adhesive properties.’®

N y R,N_-,ECCD o
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Figure 1.25: Moisture curing reaction of water and isocyanate to form a urea
linkage.”

Another type of one-component system commonly used are prepolymer based which
are formed when a 2:1 excess of isocyanate to polyols is used. Prepolymer systems
are commonly used as they have a greater longer pot life due to the free isocyanate
content being low. This both increases the workability as the exotherm during cure is
smaller but also helps to introduce structure into the adhesive prior to application.
Another advantage of prepolymer systems is that the introduced structure helps to

reduce shrinkage of the adhesive following cure.

Systems of this type can be used either in solvent or solvent free. Solvent free systems
are becoming the systems of choice as they forfeit the need for solvent recover which
is often an expensive process. Systems of this type can be very high in viscosity which
can limit their application as high temperatures are commonly required for application
which can damage sensitive parts during application. Solvent based systems increase
the number of potential application methods as the viscosity of the adhesive mixture
can be controlled to facilitate application.

Commonly, waterborne systems are now used as they are easy to apply due to the low
viscosity of the adhesive while at the same time having an environmentally friendly
solvent in water.”® Waterborne adhesives are used in applications such as shoe sole
adhesives, packing adhesives and textile adhesives. Another advantage of these
systems is that they can come fully reacted making the adhesive properties obtainable
following the removal of water. These systems show good mechanical strength and
can be applied as either an emulsion or dispersion. Waterborne polyurethane adhesives
are commonly made of aliphatic diisocyanates such as isophorone diisocyanate or
hexamethylene diisocyanate with either a polyether or polyester polyol however,

aromatic isocyanates such as methylene diphenyl diisocyanate are also encountered.>
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The consequence of using an aliphatic isocyanate is that the resistance to ultraviolet
radiation is increased which is shown by the common application of these systems in

coatings.’""®

Another common type of one-component system used extensively is a hot-melt
adhesive. These adhesive are encountered in two common types: (a) reactive with
labile end groups e.g. isocyanate terminated prepolymer which reacts with moisture
(see figure 1.25) or (b) are fully cured e.g. highly crystalline material which flows
above its melting temperature and sets upon cooling. The first of these two possible
systems is a thermoplastic which once fully cured following reaction with moisture
becomes a thermoset material. These materials display better high temperature
performance compared to fully cured hot-melt adhesives due to the formation of
chemical cross-links. The fully cured hot-melt adhesive is a thermoplastic system
which is physically cross-linked by hydrogen bonds. Their limited use in high
temperature applications is because these physical cross-links are removed during
melting however; they are still commonly used due to the ease of application and low
toxicity. Both systems display high green strength which is quickly achieved upon
cooling as the soft-segment crystallises. Therefore obtaining a high green strength in
a short time interval allows for hot-melt adhesives to be used in applications were
further manufacturing is required shortly after application. This advantage is exploited
for car windscreen installation where a reactive polyurethane hot-melt is used as the
window is fixed in place shortly after application and becomes solid following
subsequent moisture cure.’®

1.3412 Two-Component Systems

Two-component polyurethane adhesives are the second major class frequently
encountered. As was observed for one-component systems these adhesives can be
either solvated or solvent free. Two-component systems are known for their high rates
of cure and this makes them the system of choice in many industrial processes. During
manufacture curing time slows production making two-component systems a very
attractive choice. This coupled with the ability to cure quickly at ambient temperatures
is a further advantage of this adhesive system. These adhesives make it possible to

perform laminations where moisture penetration is not possible or is limited. As
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moisture is not required in the curing process, the possibility of bubble formation in

the bond line from CO. production is removed or at least limited.

(b)

- (©)

Figure 1.26: (a) Araldite 2026, (b) Lord 7550 and (c) static mixers used for
application of solvent free two-component polyurethane adhesives.

The most commonly used solvent based two-component adhesives used are
waterborne systems as they use a non-flammable water solvent which is also
environmentally friendly. An example of such a system is produced by Ashland under
the tradename ISOSET. Within this formulation a base emulsified polymer is reacted
with a cross-linking emulsion upon the removal of water.”® This structural adhesive is
used in the bonding of wood to wood in the construction of furniture components.
Other common applications of two-component waterborne polyurethane adhesives are
bonding metal to plastic in automobiles, wood to foam lamination in construction, and

plastic to wood in furniture applications.®

Due to the high reactivity of the two polyurethane components they require to be stored

in separate compartments prior to application. These systems are formulated using
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low molecular weight di- or polyisocyanates which are cured using low molecular
weight polyols or polyamines. As one component is stored independent of the other,
efficient mixing is essential for successful application. There are many sophisticated
industrial meter mixing machines available however, one of the simplest and common

applications of these adhesives uses a simple static mixer as shown in figure 1.26.

1.342 Isocyanates used in Polyurethane Adhesives

Of the available isocyanates, the aromatic molecules are the most widely used e.g. in
the year 2000 61.3% of the total isocyanate market was attributed to methylene
diphenyl diisocyanate (MDI) and 34.1% was attributed to toluene diisocyanate
(TDI).”® With the remaining 4.6% of the market occupied with the aliphatic isocyanate
and other more specialised isocyanates split 3.4% and 1.2% respectively.”® When
synthesising an isocyanate molecule, firstly an amine is required, phosgenation of this
amine group is then performed to obtain the isocyanate group. Aliphatic isocyanates

are obtained by the same process.

1.3421 Aromatic Isocyanates

Aromatic isocyanates are by far the most dominant class with two particular isocyanate
molecules being MDI and TDI the most prominent. MDI is synthesised from benzene
which in the initial step goes through a nitration process to produce nitrobenzene which
is then hydrogenated to form aniline. After purification the aniline is reacted with
formaldehyde which forms a complex polyamine mixture generally referred to as
methylene dianiline. After further purification to remove unreacted aniline the
methylene dianiline is taken through the phogenation reaction which converts the
amine into an isocyanate group. The mixture is then purified again to remove
unreacted phosgene reagents and the oligomeric mixture of isocyanates is separated
using distillation (see figure 1.27).° Aromatic isocyanates are often used in adhesive
applications where high strength is required. As the MDI molecule is aromatic, ridged
hard segments will be formed within the polyurethanes microphase structure which
brings stiffness to the adhesive. The influence of MDI on the hard segments structure

within polyurethanes adhesives will be discussed further in section 1.38.

The synthetic route used to produce MDI results in two isomers being formed 4,4MDI

and 2,4-MDI. In the 4,4’-substitution pattern a symmetrical molecule is obtained with
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isocyanates groups of equal reactivity. In 2,4-MDI however, the molecule is
asymmetric and this gives rise to a 4-position isocyanate group that is approximately
four times more reactive that the 2-position. Commercially available materials of MDI
are commonly a mixture of both the 4,4-MDI and 2,4-MDI isomer. MDI based
isocyanates also have the ability to form trimer structures which introduce cross-links
into the adhesives enhancing the chemical resistance of the final material. One of the
major drawbacks encountered using MDI it that it is susceptible to UV degradation.®°
The yellow colouration occurs as conjugation is introduced into the molecule as the

methylene bridge is attacked as shown in figure
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Figure 1.27: Synthetic route used in the production of MDI from benzene.”

H Hy 9
-N C N-C-O-R~

02, hv

® 2
WR—O—C—N:®:C:®:N—C—O—RM

Figure 1.28: Formation of quinoid type structure during UV degradation in

MDI 81,82

TDI is produced in a very similar process starting with toluene. The nitration process
gives a product of dinitrotoluene in a mixture of isomers 2,4 /2,6 / 2,3 / 3,4 which are
then hydrogenated to the diamine compound. At this stage the 2,4 and 2,6 isomers are

isolated from 2,3 plus 3,4 isomers as these are not wanted. The purified diamine is
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then phosgenated to give the diisocyanate which is taken through a final purification
step to remove excess solvent and unreacted phosgene materials. The final distilled
product is a liquid mixture of the two isomers (80:20 2,4:2,6 ratio) which is the product

used for polymerisations.

The asymmetry within the TDI molecule gives the isocyanate groups varying
reactivity. The isocyanate group occupying the 4-position of TDI is approximately
four times more reactive that an isocyanate group at the 2-position. On TDI the
4position when compared to the 4-position on MDI is approximately two times more
reactive.” In 2,6-TDI, the reactivity of the isocyanate groups will be equal as they are
both ortho to the methyl group. As both isocyanate groups are connected with the
same electronic aromatic ring system, reaction of one isocyanate will reduce the
reactivity of the other. As for MDI this aromatic isocyanate aids rigidity in
polyurethane adhesives due to the stiff aromatic ring. A major disadvantage of TDI is
the high volatility makes it a health hazard.

1

+ + 1) H, + Catalyst
* NH, NH, W H, Y
NH, l

2=C0Cl,

2

NCO OCN NCO NCO
+ + +
NCO NCO
NCO

NCO
Figure 1.29: Synthetic route used in the production of TDI from toluene.”

1.3422 Aliphatic Isocyanates
Aliphatic isocyanates are employed in polyurethane chemistry normally for more

specialised application compared to their aromatic neighbours. Hexamethylene
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diisocyanate (HMDI) is one of the most commonly used aliphatic isocyanates. It is
synthesised from hexamethylene diamine which is produced in vast amounts as it is

the monomer used in the production of nylon 6,6.

Next the diamine goes through the phosgene reaction to get the desired isocyanate
product of HMDI. This product is highly volatile which makes it a health hazard and
is often sold as polymeric HMDI as a result. Forming polymeric materials helps to

increase the viscosity and decrease the volatility of HMDI reducing its health risk.

Polymeric versions of HMDI are no longer diisocyanate following the introduction of
biuret groups and isocyanurate rings which are trimers (these groups also promote
cross-linking).  Aliphatic isocyanates of this type do not possess the same rigid
molecular structure that is common for the aromatic analogues. As the molecule is
symmetric both isocyanate groups will have the same reactivity but compared to the

4-position of MDI these isocyanate groups are two orders of magnitude less reactive.
Aliphatic isocyanates are mainly applied where clear coatings are required for they are

less susceptible to UV light degradation and more light stable polyurethanes are
obtained compared to aromatic versions. A disadvantage of most aliphatic isocyanates
is that they do not possess the same internetwork cohesive strength of their aromatic

neighbours which gives poorer matrix strength within the microphase structure.®
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Figure 1.30: Structure of HMDI as synthesised from hexamethylene diamine.”™
Isophorone diisocyanate (IPDI) is a cyclic aliphatic isocyanate that is produced from
acetone. Three molecules of acetone in the presence of a catalyst react to form
isophorone, which is then reacted with hydrogen cyanide to give a product of

isophorone nitrile. The nitrile product is then taken through a reductive animation step
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resulting in isophorone diamine. This diamine is then converted to the diisocyanate
by the phosgene process. As was the case for HMDI, IPDI is very volatile so it is often

taken through a further reaction step to produce the isocyanurate and biuret adducts.

Compared to HMDI, the aliphatic isocyanate IPDI is much bulkier and is asymmetric
with no degree of symmetry. As it is aliphatic it will again when reacted with a polyol
give rise to light stable polyurethanes. The secondary isocyanate group has a reactivity
on par with HMDI, but the other primary isocyanate group is sterically hindered which
reduces the reactivity by a factor of five when compared with the 4position of MDI. It
is worth mentioning that the primary isocyanate group has the slowest reactivity of any

of the commercial isocyanates.

0 o]
Catalyst + 2H,0 HCN
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Figure 1.31: The conversion of acetone to IPDI.7

1.3423 Isocyanate reactions

The main reaction that an isocyanate will undertake in polyurethane chemistry is with
a hydroxyl group to produce a urethane linkage. When diisocyanates and diols are
used multiple urethane linkages are formed resulting in the formation of a polyurethane
polymer. The success of polyurethane chemistry is mainly attributed to the high
reactivity of the isocyanate group. This high reactivity becomes clearer when the four
resonance structures of the isocyanate group are observed and how they influences the

reactivity (see figure 1.32).
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Figure 1.32: Resonance structures of the isocyanate group.”
In structure 1 there is an electron-deficient carbon which explains why isocyanates are

very reactive towards nucleophilic attack. In polyurethane chemistry structure 1 is
more significant than structure 2 and explains why most reactions take place across the
C=N bond. Structure 3 only has a very slight contribution to polyurethane chemistry.
The final resonance structure, 4, becomes significant when an aromatic group is

present for R.

In aromatic systems the negative charge on R will be spread across the benzene ring
which will result in a reduction of the electron density on the carbonyl carbon.
Structure 4 displays why aromatic isocyanates (MDI and TDI) are more reactive than
aliphatic isocyanates (HMDI and IPDI).  As aromatic groups are more
electronwithdrawing they have a greater ability to stabilise the negative charge, which
reduces the electron density on the carbon making it a better electron acceptor. Hence
any R group that is aromatic will possess a greater electron-withdrawing effect which
will increase the susceptibility of the carbon within the isocyanate group toward

nucleophilic attack.
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Figure 1.33: Urethane linkage formation in the reaction of an isocyanate with an
alcohol.™

The production of a urethane link is an exothermic reaction which means that the main
driving force is enthalpy through the formation of a more stable product. Aliphatic
alcohols react in the order of decreasing reactivity 1Y > 2> 3" as the primary alcohol
is the most accessible with the least amount of steric hindrance. Aromatic alcohols
such as phenols react much slower than aliphatic alcohols and the urethane link is more
readily broken. The polyaddition reaction is often accelerated by the addition of
catalysts such as acids, bases which the most commonly used are tertiary amines such

as triethylamine, and organotin complexes.

Another important reaction is that which occurs between two isocyanate groups and
water to form a urea linkage (see figure 1.25). The initial step of the reaction is when
an isocyanate group reacts with water to give an amine and carbon dioxide via a
carbamic acid intermediate. The amine is then attacked by a free isocyanate group
which forms a symmetric urea group. When the reactivity of the isocyanate groups
within the diisocyanate molecule are similar such as in 4,4’-MDI, the tendency is to
chain extend forming a crystalline polymeric urea. In 2,4-MDI, the difference in
reactivity can be exploited by reacting the 4-position as it has an increased reactivity

and leave the 2-position which suffers from steric effects free for further reaction.
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Figure 1.34: Biuret and allophonate by-product formation.”
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As water is not very soluble within isocyanates it makes the un-catalysed reaction
rather slow. Amines can be exploited to produce urea linkages when water diffusion
is a problem as they also react at a much greater rate. Introducing primary diamines is
also a common tactic to add cross-linking to the polyurethane system. Introducing
these cross-links will also boost the resistance to solvents and other chemical process.
Primary amines react faster than secondary amines as they are more accessible and it
is also worth noting that the un-catalysed reaction of a primary amine can be 100-1000
times faster than a primary alcohol. The more basic the amine is the faster it will react
thus making aliphatic amines more reactive than the electron withdrawing aromatic
amines. The urea linkage when formed has activated hydrogens present which are
susceptible to further reactions with isocyanate groups. This reaction is encouraged
when the temperature exceeds 100°C. The rate at which biuret formation occurs is
faster than the rate of allophonate formation. This is a reversible reaction but it is
commonly used to add cross-linking into the polyurethane. The allophonate reaction
requires a higher temperature of around 120140°C before it will start forming. As it is
with the biuret the reaction is reversible but is often introduced to gain cross-linking in

the system.

Isocyanate groups can also undergo dimerisation and trimerisation in a cycloaddition
process. Dimers are formed via a [2+2] cyclo-addition which results in the formation
of a four membered ring across the C=N bonds. These dimer sections are more
commonly referred to as an uretidinedione. Dimer formation is much more common
for the aromatic isocyanates and in MDI for example it is much more common for the
4,4’ molecule than the 2,4. The dimerisation of 4,4’-MDI slowly occurs at room
temperature but can be accelerated by increasing the temperature to 45°C and the
product formed is thermodynamically stable. Aliphatic diisocyanate do not readily
form dimer structures although there are examples for catalysed system that utilised

trialkylphosphines to obtain polymeric forms.”
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Figure 1.35: Dimer uretidinedione and trimer isocyanurate.”

Trimer formation occurs via a [2+2+2] cyclo-addition of three isocyanate groups to
form a six-membered ring called an isocyanurate. Once the trimerisation reaction has
begun to occur it will continue until all the isocyanate groups have been consumed.
Unlike dimer formation trimer structures are readily formed for both aliphatic and
aromatic isocyanates. Trimerisation is encouraged by the addition of a catalyst which
can be an alkali metal alkoxide or a carboxylic acid salt. Trimerisation again can be
purposely introduced as a means of adding branching or it can be an un-wanted side
reaction. Isocyanate trimers are thermally stable and not reversible like the dimer
moieties. The non-reversible nature of the isocyanurate is possible due to the stable
six membered ring compared to the more strained four membered ring of the reversible

uretidinedione.

1.343 Polyols used in Polyurethane Adhesives

The polyol component of polyurethanes also has a very significant influence on the
properties of the material. Polyol (or soft-segment) polymers are very vast with each
having different physical and chemical properties which allow for polyurethanes to be
used in many applications. As a result of this diversity the polyurethane industry has
thrived from the ever increasing number of available polyols. Having such a variety
of soft-segments allow for tailoring of the formulation to obtain specific characteristics
e.g. to obtain a rigid foam short chained polyols such a diethylene glycol is used

whereas when a flexible foam is required a long linear polyols such as poly(propylene
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glycol) with a molecular weight of 2000 is used. Now the most common types of soft-

segment used in adhesive formulation will be discussed.

1.3431 Polyether Polyols

Poly(propylene glycol) and poly(ethylene glycol) are the two most widely used
polyether polyols globally.” Propylene oxide is synthesised from propylene by two
basic routes namely chlorohydrin and hydroperoxidation. In the chlorohydrin process
propylene is reacted with chlorine in water which gives the chlorohydrin molecule (see
figure 1.37). The next step is a dehydrochloronation step which gives the ring closed
product poly(propylene oxide). This is the simpler method for the production of
propylene oxide but its downfall is that it is difficult to scale up.

OH Cl
Ca(OH)
2 X + 2HOCI| ———> )\/C| + )\/OH — O/k + CaCly + 2 H,0

Figure 1.36: Chlorohydrin route to propylene oxide from propylene.”® The next
method namely the hydroperoxidation process is a reaction between propylene with an
organic acid which generates propylene oxide and an alcohol byproduct (see figure
1.38). There are two routes to perform this operation using either tertiary-butyl
hydroperoxide or ethyl benzene hydroperoxide. This method of propylene oxide
production is regularly on scales of 200 to 250 thousand tonnes of propylene oxide per
year. Either route can be used to obtain propylene glycol which can be used to form
poly(propylene oxide) using either anionic or cationic polymerisation. Both butylene

oxide and ethylene oxide are also polymerised in the same way as propylene oxide.

The reaction is initiated by the presence of a branching agent which is commonly the
glycol of the alkoxide. This reaction is catalysed in anionic polymerisation by bases
such as NaOH or KOH and for cationic polymerisations Lewis acids or Bronstedt
super-acids such as BFz or PFs. The branching agent can be a diol or if cross-linking
within the matrix is needed triols such as glycerol or trimethylol propane are used.
When such polyols are used to initiate the reaction the resultant end groups are

hydroxyl terminated.
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Figure 1.37: Hydroperoxide route to propylene oxide from propylene.”®
Introducing higher hydroxyl functionality is often utilised when more flexible
materials are required such as in flexible foam applications. Soft-segments produced
in the above polymerisation process are known as homopolymers as they only contain
the same monomer type. Polymer synthesis is a flexible process and as a consequence
the formation of polymers is not limited to just a single monomer type. In some
applications, the properties of more than one monomer are required e.g. both propylene
oxide and ethylene oxide are often polymerised together for foam applications.
Polymers of this type are known as copolymers and they are most commonly

synthesised in two ways either block copolymers or random copolymers.
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Figure 1.38: Poly(propylene oxide) and poly(ethylene oxide) synthesis using both
diol and triol branching agents.®*

As the molecular weight of the side arms increases the polyurethanes will become more
flexible as the isocyanate groups become diluted and spatially more separated.
Alternatively lower molecular weight side arms will decrease the flexibility, as the
isocyanate hard-segments will be closer together and more concentrated. Random
copolymers containing the same monomer units will give different properties when

compared to block copolymers.
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Figure 1.39: Copolymer of poly(ethylene oxide) and poly(propylene oxide).
Copolymer type (a) poly(ethylene oxide) terminated diol and triol. Type (b)
Block copolymer with internal poly(propylene oxide) block diol and triol.8

1.3432 Polyester Polyols
Polyester polyols are the second most commonly encountered kind of soft segment.
One of the main advantages that polyester based polyols is that they can be crystalline.

Hydrogen bonding between adjacent ester groups within the microstructure of the soft-
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segment delivers this crystallinity. Crystallisation of softsegment occurs rapidly
allowing for high green strength to be reached in hot melt based adhesive systems.
This makes hot melt adhesives appropriate for assembly based applications as the time
between adhesive application and handling is low. Having crystallisation within the
soft-segment also improves the thermal, fire and solvent resistance of the adhesive
when compared to polyether based systems. The main applications of this category of
polyester polyols are within elastomers,? foams® and adhesives.®” Polyester polyol
materials are not without their drawbacks as they are susceptible to hydrolyse at high
temperature and high humidity which has been investigated at length to try and

resolve.88

Catalyst
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Figure 1.40: Polycondensation reaction between dicarboxylic acids and glycols
top and transesterification reaction between dimethyl esters and glycols bottom.*
Polycondensation is the most common way to obtain polyester polyols by reaction of
a dicarboxylic acid and a diol e.g. adipates are synthesised by using adipic acid and a
diol. The alternative route is ring opening polymerisation which is used in the
polymerisation of poly(caprolactone).®®%®  When synthesising polyesters via
polycondensation of a dicarboxylic acid with a diol, high yields are only possible by
the removal of water due to the equilibrium it creates toward the product side.
Generation of hydroxyl terminated products is possible by ensuring that there is a
stoichiometric excess of the diol. The reaction is a self-catalysed process and will go
to completion however, it is rather slow and is often catalysed using p-toluene sulfonic

acid, tin compounds or, more recently, enzymes.®

Another synthetic route available for the generation of polyesters is via
transesterification of dimethyl esters with glycols. The most commonly formed
polyester polyols via this route are the adipates, terephthalates and carbonates. The

adipates get there name from adipic acid which is the precursor used to form the
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polyester with common glycols such as ethylene glycol, 1,4-butane diol and 1,6hexane
diol.

Ring opened polyesters are most commonly associated with the lactones. These are
cyclic esters which in the presence of glycols and a catalyst form the polyester via ring
opening polymerisation. When this process is initiated by a glycol which is a diol the
resulting polymer is hydroxyl terminated. The backbone structure of
poly(caprolactone) polyesters has five CH2 groups in a linear chain which increases
the hydrophobicity of the molecule, generating polyurethanes with good resistance to
hydrolysis which is one of the main issues with implementing some polyester
polyurethanes. Other ways in which the hydrolysis resistance of polyester based
polyurethanes can be improved is to have a low concentration of ester groups, low

overall polyester acidity and by introducing steric hindrance to the polymer.
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Figure 1.41: Caprolactone ring opening polymerisation for generation of

polyester polyols initiated by glycols.®*

Caprolactone can be polymerised using anionic catalysts, cationic catalysts and
organometallic catalysts with the four, seven or eight member rings being readily
polymerised however; the five member ring lactone does not undergo polymerisation.
Anionic conditions generate polymers with greater molecular weight distributions than
under cationic conditions. Common anionic catalysts are bimetallic oxo-alkoxides of
aluminium or zinc and for cationic conditions it will normally be a Lewis acid or

Bragnsted superacid.

1.3433 Other Polyols

Polyurethane synthesis is not limited to aliphatic polyethers or polyesters as a variety
of other polyols available. Aromatic polyesters or polysulphones are often used when
more rigidity is required within the soft-segment of the polyurethane (see figure
1.43).%2  Aromatic rings within the backbone structure promote n-m stacking giving
addition structure to the soft-segment. These stacked moieties reinforce the material

leading to more thermally and chemically resistant materials. However, as is common
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in polyurethane materials the thermal resistance has a limit and the reinforcement is
reduced following decomposition of these stacking interactions. Sulfones also
increase the polarity of the soft-segment allowing for addition hydrogen bonding
interactions to take place.

oo OF ool ool 2ol ol

()
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Figure 1.42: Structure of (a) aromatic polyester polyol based on bisphenol-A and
(b) aromatic polysulphone polyol based on bisphenol-S.%2%

Commonly siloxane based polyol materials are used when the either the
hydrophobicity or hydrophilicity requires adjustment. Polysiloxane based soft
segments also yield polyurethanes of low surface energy, high gas permeability,
combined with the high thermal, UV and oxidative stability of the siloxane.®* As the
hard-segments which consist of diisocyanate and chain-extender are inherently much
more polar than siloxane based soft-segments, the microphase morphology is often
phase separated. Siloxane based soft-segments have few possible chain to chain

reactions, making the architecture of the hard-segment important in high strength

L

materials.®*

e
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Figure 1.43: (a) Poly(dimethyl siloxane) polymer repeat unit and (b)
3aminopropyltriethoxysilane curing agent.

To improve the low inter chain cohesion within the soft-segment polysiloxanes are
commonly used in conjunction with a polyether or polyester.®>°" Polyurethanes
prepared in this way are commonly used in coatings, adhesives, membranes and
elastomers.%®1%° In some cases end capping using a silane curing agent is also

performed as another method for moisture cure.*

70



It is common for soft-segments to be available in both the hydroxyl and amine
terminated forms. With the amine end group comes a change in classification as the
material is now a polyurea. Polyureas are known for having high resistance to
abrasion, excellent mechanical properties, high chemical and hydrolytic stability. As
a consequence their materials are commonly encountered as adhesives, sealants and
coatings.’®*  The higher reactivity that amines end groups possess compared to
hydroxyl groups has resulted in their steady increase in application (see table 1.01).
Using a urea group over a urethane group adds an addition hydrogen donating NH
group to the hard-segment architecture. This addition hydrogen donating site in certain
cases results in more structured hard-segments through formation of ordered bidentate
hydrogen bonded urea groups. These highly ordered hard-segments contribute towards

the high performance observed in polyurea materials.1%

Siloxanes, polyethers and polyesters are all commonly available amine terminated
making it possible to formulate polyurea materials for various applications. Huntsman
iIs an example provider of amine terminated polyethers under the trade name
JEFFAMINE®. Adhesives formulated with polyether amine soft-segments are
commonly used in wood glues as they offer high bond strength along with high
hydrolytic stability. %2

Table 1.01: Sources of active hydrogens in polyurethane/urea chemistry,
structures and relative reaction rates.!0!

Source of active Structure Relative reaction rates
hydrogen
Primary aliphatic amine R-NH> 100,000
Secondary aliphatic R-NH-R’ 20,000-50,000
amine
Primary aromatic amine Ar-NH 200-300
Primary Hydroxyl R-OH 100
Water H20 100
Urea R-NH-CO-NH-R 15
Urethane R-NH-CO-O-R 0.3

R(°) = aliphatic group, Ar = aromatic group

71



1.35 Chain-Extenders used in Polyurethane Adhesive

Chain-extenders are frequently used in polyurethane synthesis as they facilitate the
production of hard blocks. Hard blocks are formed by reacting a low molecular weight
diol or diamine with two isocyanate molecules forming a small chain referred to as a
block. Diols give polyurethane-based hard blocks and diamines give ureabased hard
blocks. It has been reported within the literature by Ryan et al. that the precipitation
of the chain-extender in the hard segment will have an effect on the packing
arrangement (for definition of precipitation see section 8.11).1% The effect that the
chain-extender has on the packing arrangement was further discussed by Gisselfalt et
al. who stated that the structure of the hard-segment is influenced by both the chain-
extender structure and length.1® In a paper by Sanchez-Adsuar it was shown that short
chain-extenders enhance phase separation and crystalline packing through the
formation of smaller blocks which pack more intimately within the hardsegment.1%
Due to the number of differing applications of polyurethanes many linear chain-
extenders are available as either aliphatic or aromatic and diol or diamine terminated
(see figure 1.45). Selection of a chain-extender will be application based as no one

chain-extender can serve every purpose.
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Figure 1.44: Commonly used linear chain-extenders in polyurethane synthesis.

(a) ethylene glycol, (b) 1,2-propane diol, (c) 2,2diethyl-1,3-propane diol, (d)
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1,4butane diol, (e) bis[4-(B-hydroxyethyl)] bisphenol-A, (f) 4,4’-
bis(2hydroxyethoxy)biphenyl, (g) 4,4’-diaminobiphenyl and (h) 1,6-hexane diol.*
Diol chain-extenders such as ethylene glycol and 1,2-propane diol are commonly
encountered however, 1,4-butane diol is the most commonly used in polyurethane
synthesis ((a), (b) and (c) in figure 1.45 respectively).}®® The symmetric linear
structure of 1,4-butane diol promotes aggregation of hard blocks, as the short block
length allows for well-ordered packing. In aromatic based hard blocks e.g. in MDI
based systems, the hard-segments are further bonded together through n-n stacking
interactions between neighbouring hard blocks which boosts the cohesive strength of
the hard-segment. As chain-extension helps promote hard-segment formation it also

promotes reinforcement and toughening of the polymer system.

Chain-extension is not limited to linear molecules and when disruption of hardsegment
crystallisation is required molecules like glycerol and trimethylolpropane are often
used.?®1%7 Triol chain-extenders introduce branching into the hardsegment which has
been shown by Petrovi¢ et al to have a noticeable effect on hardsegment crystallisation
when in concentrations of > 15% of the total chain-extender composition. Higher
degrees of cross-linking can be introduced by using chainextenders which have OH
functionality > 3 as in pentaerythritol (2,2bis(hydroxymethyl)-1,3-propane diol) which
has an OH functionality of 4.

OH HO OH
Ho._k_oH HO}COH HO><OH

OH
@ (b) ©

Figure 1.45: Triol chain-extenders used in polyurethane synthesis. (a) Glycerol
(propane-1,2,3-triol), (b) trimethylolpropane (2-(hydroxyethyl)-1,3-propane diol)
and (c) pentaerythritol (2,2-bis(hydroxymethyl)-1,3-propane diol.

1.36 Catalysts used in Polyurethane Adhesives

Catalysts play an important role in the formation of polyurethane materials. Not only
do they increase the rate of reaction but they ensure the chemistry occurring is
controlled and that the correct functionality is introduced to the polyurethane network.
The two most common catalyst types encountered in polyurethane synthesis are
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tertiary amines and organometallic compounds. These catalysts along with some other

frequently used catalysts in polyurethane adhesives will now be discussed.

Amine catalysts are known to catalyse the isocyanate-hydroxyl reaction through Lewis
base catalysis whereby the amine coordinates with the alcohol polarising the O-H
bond.1® This polarisation activates the hydroxyl group and increases its reactivity
towards the isocyanate group.l% How effective the amine is as a polyurethane catalyst
is determined by both the basicity and steric hindrance. Tertiary amine catalysts
encountered most frequently are triethylamine and DABCO or 1,4-diazabicyclo-
[2.2.2]-octane with the former commonly used in adhesive applications and the later

in foam applications.*°

(a) (®)

Figure 1.46: Two of the most commonly used tertiary amine catalysts (a)
triethylamine and (b) DABCO (1,4-diazabicyclo-[2.2.2]-octane).

The organometallic catalysts function as Lewis acid catalysts by complexing with the
isocyanate.’®® Tin complexes of the general formula BuzSnX, form a complex with
the isocyanate group polarising the N=C bond making the already 6+ carbon more
susceptible to nucleophilic attack.!'! The mechanism by which the urethane linkage is
formed is rather complex and is highly depended upon the organotin complex selected.
For adhesive applications the two most commonly used tin catalysts encountered are
dibutyltin dilaurate and tin(ll) 2-ethylhexanoate however, these catalysts are also

encountered in foam applications.

Generally catalyst systems in adhesives contain both a tertiary amine and
organometallic complex within the formulation. A synergistic effect is observed by
which the co-catalysts system increase the rate of reaction by fivefold compared to
dibutyltin dilaurate.*'® This greater reaction rate reduces the time required between

application and cure which in industrial process increases productivity.
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Figure 1.47: The two most commonly used organometallic tin complexes (a)
dibutyltin dilaurate and (b) tin(Il) 2-ethylhexanoate.

Another common catalyst class encountered is the metal-p-diketones with zirconium
acetylacetonate the most commercially used. The successful implementation of
zirconium acetylacetonate originates from the greater selectivity toward urethane over
urea formation.1®®2  As a result the use of zirconium acetylacetonate in two
component urethane coatings has increased because of the comparable reaction rate to
dibutyltin dilaurate but with reduced bubbling within coatings.”® Reduced bubbling is
observed using zirconium acetylacetonate over dibutyltin dilaurate as the catalyst has
greater selectivity for the urethane reaction compared to the urea reaction. This greater
selectivity of zirconium acetylacetonate reduces the amount of CO2 gas produced

during cure as urethane linkages are formed preferentially.

In prepolymer adhesives it is known that different catalysts are often required. This
originates from the mode of cure being different as only isocyanates groups are present
and moisture is required during cure. Catalysts such as sodium phenoxide, lead
naphthenate and ferric 2-ethylhexonate have much greater reaction rates compared to
the previously discussed urethane catalysts.!'® Catalysts such as these encourage the
reaction of isocyanate groups with the active hydrogens of urethane or urea groups
forming a cross-linked network. From this brief discussion it is clear that the selection

of the appropriate catalyst is much dependent on the application.

1.37 Strategies for Polyurethane Adhesive Synthesis

There are two strategies available for polyurethanes adhesive synthesis: 1) the
polyurethane reaction is carried out during application in a two component process or
2) a proportion of the chemistry is performed prior to application through the formation

of polyurethane prepolymers. The application in which the polyurethane is being used
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will strongly influence what strategy is selected. A brief overview of each strategy

will now be presented along with the advantages and disadvantages.

In two component systems the main advantage is that both components remain separate
until application. This ensures that the polyurethane reaction only occurs once both
components are mixed. When an appropriate catalyst or hybrid catalyst system is used
rapid cure of the formulation occurs, which is partly assisted by the increase in
temperature from the exothermic polymerisation reaction. Fast curing reduces the
manufacturing time which makes two component polyurethanes useful for line

manufacturing process.

Mixing of the polyol with the diisocyanate can be performed in bulk or in solvent.
Commonly bulk mixing is performed because the viscosity of the starting materials is
low as both components are of low molecular weight (mixing by static mixer
sufficient). Having low viscosity also assisted with the available methods of
application e.g. Meyer bar can be used due to low viscosity. It also opens up the
opportunity to use polyol groups with > 2 functionality (not easily synthesised by
prepolymer method) forming a covalently cross-linked materials which is thermally
and chemically more resistant. The main disadvantage is that as all polymerisation
chemistry is carried out during application it reduces the ability to control the final
microphase structure. This reduction in control is often coupled with the mechanical
properties being poorer when compared to adhesives prepared by the prepolymer
method. The rates at which the components are fed to the point of application are also

important if sufficient cure and structure are to be obtained.

Prepolymers are polyurethane molecules which are formed by reacting an excess of
one component with the deficit of the other. Most commonly this is performed by
reacting a 2:1 stoichiometric excess of isocyanate to polyol forming an isocyanate end-
capped prepolymer although this can be performed inverted to yield hydroxyl
terminated prepolymers. Using an excess of one versus the other ensures the polymers
formed are of low molecular weight as predicted by the Carothers

equation.e2,114

1+r Equation 1.4
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Pn:'l+r—2roc

Pn = Number-average degree of polymerisation
r = stoichiometric ratio o = conversion of
functional groups

If a stoichiometric ratio of 2:1 is used and the conversion of functional groups is 0.99
then the predicted polymer length is 2.99 units. Thus a 2:1 excess of isocyanate will
form prepolymers with reactive NCO end groups. Conversely if the ratio is
stoichiometric at 1:1 with a degree of conversion of 0.99 the predicted polymer length

greatly increases to 1000 units.

The prepolymer method for synthesis of polyurethanes can be performed in two ways:
(@) the deficient monomer is added to the reaction flask containing the monomer of
excess or (b) the inversion of the first method where the monomer of excess is added
to the deficient monomer. Both these methods are used in the production of linear
polyurethanes however; these methods are not as successful for functionalities > 2.
When the functionality is > 2 cross-links between polymer chains will occur producing

a matrix of more complex structure which can no longer be easily processed.

Synthesis can be carried out either in bulk or in solvent. Solvent-based synthesis
allows for better control of reaction temperature as the heated produced from
exothermic urethane reaction is dissipated into the solvent. As the polymerisation is
carried out in solvent it also allows for better control and yields polymers with lower
polydispersity. Solvent-based systems are commonly used in coatings and paints as
the solvent can evaporate from the open face. A disadvantage of solvent-based systems
is they are not useful for lamination applications as the solvent cannot escape and
becomes trapped within the joint which often affects the bond strength obtained.
Recently solvent-based systems are no longer formulated with organic based solvent
as they are expensive to recover and a shift towards water based materials is occurring

as it is more environmentally friendly e.g. water-borne polyurethane adhesives.
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Figure 1.48: Isocyanate end capped prepolymer production using a 2:1
stoichiometric excess of isocyanate to polyol. [Red square = diisocyanate, black
wavy line = polyol and straight blue line = diol chain-extender].

Polymerisation in the bulk is the more popular process as it does not require solvent
recovery. Bulk polymerisation in the formation of polyurethane prepolymers is

commonly used in the production of foams, elastomers, coatings and adhesives.®2

Prepolymers can be produced by two synthetic routes: (a) single stage addition and (b)
multistage addition. As the name suggests in single stage prepolymer synthesis all
reactants are charged into the reaction vessel at the same time. Differing reaction rates
between reactants is commonly accounted for by using suitable catalysts. Synthesis
by this route results in a high heat of reaction which, especially in aromatic systems,
can lead to unwanted side-products. Although this is the simpler synthetic route the
properties of the material formed are often inferior to multistage synthesis as the build-
up of the molecular structure is less controlled. In a multistage synthesis firstly an
isocyanate end capped prepolymer is produced. This is followed by a chain-extension
step which involves the addition of a small molecular weight diol or diamine to couple
two prepolymer chains together. At this step, the stoichiometry can be changed to
build larger hard blocks and this will require the addition of more isocyanate monomer.
Chain-extension is not limited to diol/diamine as it possible to add triols which will
introduce chemical cross-linking into the hard segments of the polyurethane

microstructure and this increases the thermal resistance. Prepolymer synthesis in the
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bulk can be carried out either catalysed or catalyst free using the catalysts detailed

previously (see section 1.36).

1.38 Polyurethane Morphology

Having the ability to control and change the morphology of polyurethanes has
contributed towards the vast number of applications in which they can be found e.g.
foams, adhesives, coatings etc. Careful control of the microphase morphology will
help to dictate the final properties of the polyurethane adhesive. Microphase
morphology itself is influenced by both the composition and compatibility of the hard
towards the soft-segment used in the formation of the polyurethane adhesive. This is
further influenced by the type of hard-segment, the hard-segment content and the
conditions of cure. Along with the hard-segment, the final morphology of the
polyurethane can be altered by the type and length of soft-segment. Finally the method
of application will also contribute towards the final microphase morphology with two
component adhesives having a different microphase structure to one component

prepolymer adhesives.!*

Hard-segments are formed within polyurethanes by the aggregation of isocyanate hard
blocks. These hard-segments are formed primarily via hydrogen bonding between
hydrogen accepting carbonyl groups with hydrogen donating N-H groups from
urethane or urea groups between neighbouring hard blocks. When an aromatic
diisocyanate is used n-n stacking of neighbouring aromatic rings can occur increasing
the cohesion of the hard blocks with one another. Hard blocks are formed by reaction
of free isocyanate groups with small molecular weight diols e.g. 1,4butane diol or if
urea linkages are required a small molecular weight diamine or water can be used.®?
The length of the hard block can be influenced by carefully selecting the correct
stoichiometry during synthesis and the structure of the hard block can be controlled
via the chain-extender structure e.g. 1,4-butane diol based hard blocks are linear
whereas trimethylolpropane based hard blocks are branched.%1%7 In polyurethane
prepolymer based adhesives hard blocks of urea are formed during moisture cure. In
this situation two isocyanate groups are required and the hard block is formed by a
carbamic acid intermediate. As these acid groups are unstable they decompose

liberating CO, and leave an amine group which reacts with a second isocyanate group
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forming the urea. When only prepolymers are present the hard block length is normally
short but excess isocyanate can be added to encourage the growth of larger urea based

hard blocks.!®

Another area which can be used to control the morphology of the polyurethane
adhesive is the soft-segment.!’® The two greatest factors which influence the
morphology of the final polyurethane with respect to the soft-segment are the type and
the molecular weight.  Within the soft-segment of polyurethane adhesives the two
most common types are ether or ester based.”® In general polyether based polyurethane
adhesives have phase mixed morphology whereas in polyesters the morphology is
more phase separated. The reasons behind this statement will be discussed further later

within this section.

Molecular weight of the soft-segment has a key influence on the morphology of the
polyurethane adhesive. If the same stoichiometry ratio of 2.2:1 of diisocyanate to
polyol is used for two different molecular weights of polypropylene glycol the
hardsegment content will be different e.g. 2000 Mw polypropylene glycol will have a
percentage hard-segment of 40 wt% whereas, 2000 Mw the percentage hard-segment
drops to 25 wt% (using equation 1.6). Calculation of the hard-segment content is
possible by using the formula derived by Flory and it is possible to calculate the chain-
extended urethane content using equation 1.5 or the combined urethane plus chain-

extended urethane content using equation 1.6.

Using these formulae it can be shown that using a shorter soft-segment will result in
an increase in the hard-segment content whereas increasing the soft-segment molecular
weight will decrease the hard-segment content. Generally shorter hardsegments lead
to polyurethane materials which are ridged and longer soft-segments give more

flexible polyurethanes.”

It is clear that both the hard and soft-segments will have their own unique influence on
the polyurethanes morphology. This is based on the type of each, the compatibility,
the percentage content of each and the application. This aside, the most important
factor that will influence the morphology of the polyurethane is the application as the

material will be tailored to meet those unique demands.
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100(R — 1)(My; + M,,)
PHS My + ROMg) + (R — D(Mce)

Equation 1.5
100((R)(My) + (Mg + M)
%HS = (Mss + R(Mgi) + (R — 1)(Mc.) Equation 1.6

M = number average molecular weight, R = stoichiometric ratio of diisocyanate to
polyol, subscript “ss” = soft segment, subscript “di”” = diisocyanate and subscript “ce”

= mole average molecular weight of chain-extender.

In structural polyurethane adhesives used in wood glues the adhesive required needs
to be hard and tough while bonding to the wood substrate. In such formulations a
stoichiometry of > 2:1 is used to promote the growth of large hard-segments.!'” This
combined with the use of short molecular weight soft-segments give very tough
structural glues which cure via moisture uptake from the substrate and atmosphere. It
is possible to toughen the glue via the soft-segment as is the bases for reactive hot melt
polyurethane adhesives.!!® The highly crystalline soft-segment solidifies upon cooling
give high green strength and the adhesive cures upon moisture uptake. Both these

adhesive will have very different morphologies.

Polyurethane wood glues normally contain a polyether soft-segment such as
polypropylene glycol.!'”  Polyether soft-segments are known to have a high
compatibility with isocyanate based hard-segments which leads to the morphology
having a greater degree of phase mixing than a polyester based soft-segment.811°
Mixing of the hard-segment with the soft-segment occurs as a result of the favourable
hydrogen bonding interactions which occur between the hydrogen accepting ether
oxygen with the urethane N-H group.1?%12! These interactions toughen the material as
the soft-segment becomes more constrained resulting in an elevation of the soft-
segment glass transition temperature. Accompanying this elevated glass transition is
a reduction in the low temperature performance of the adhesive. Phase mixing within

polyurethanes also becomes more prominent as the hard-segment content is increased.
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Figure 1.49: General model of polyurethane microphase morphology composed
of isocyanate hard blocks with diol chain-extender (red square), isocyanate hard
blocks with trifunctional chain-extender (blue T-shape) and polyol soft-segment
(black lines).

In polyurethane adhesives which are reactive hot melts the microphase morphology is
normally more phase separated. Having phase separation within the adhesive helps to

reinforce the adhesive while still maintaining a flexible material.*?> Having minimal
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mixing of both the segments is very advantageous for two reasons: firstly as minimal
mixing of each phase occurs crystallisation of the polyester soft-segment chains is not
inhibited and secondly the small highly cross-linked hard-segment domains reinforce
the adhesive. A less constrained soft-segment will suffer a smaller elevation of the
soft-segment glass transition and will therefore have better low temperature
performance. In epoxy based adhesives an additive such as rubber is required to obtain
a similar effect however, in such systems only the impact resistance is improved and

not the materials low temperature performance.>®

Finally, the interface presented by the application of choice may also have an influence
on the morphology of the polyurethane adhesive used. When labile functional groups
are present at the interface, chemical bonds with the surface can be formed. This is
also true when the substrate is permeable to the adhesive as this will result in
mechanical hook and eye type adhesion when cured. The morphology becomes more
significant when there are no labile groups and the only possible means of bonding is
via hydrogen bonds. In this scenario, the adhesive requires a phase separated
morphology over phase mixed. As there will be a greater number of donor groups
available in the phase separated morphology compared to the phase mixed it would be
expected that greater adhesion to the interface will result. The intimate contact of the
adhesive with the substrate will also be greater as the softsegment is subjected to less
conformational constraints. It is noted however, that the soft-segment and the substrate
will require having compatible functionality. There is also the potential to develop
surface promotion techniques to either add labile groups to the interface or introduce

more hydrogen bonding groups.

1.39 Aim of Research
As presented in the above discussion it is possible to design a polyurethane adhesive

for almost any application. Considering this point, polyurethanes are selected by the
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author as the adhesive system of choice for the intended application which is
production of multilayer laminates containing one or more plastics. Based on a

polyurethane adhesive system the four main aims of research are:

» Development of an optically clear adhesive which must have a haze of < 1.5%
when laminated between two layers of plastic (cellulose triacetate or bisphenol-
A polycarbonate or hybrid containing one of each layer)

+ Development of an adhesive which is capable of bonding cellulose triacetate,
bisphenol-A polycarbonate and any other laminates combinations containing
these plastics

+  Production of a fully cured laminate with a peel strength of > 3N mm™ as
determined by 180° T-peel testing

* Production of a fully cured adhesive free of thermal transitions within the
window of -20°C to 100°C which would otherwise affect the in-use

performance.

The selection criteria for identification of the materials that are to be used in the
production of optically clear adhesives will now be briefly discussed. MDI was
selected due to the large volume of literature on MDI based polyurethane
materials.527®1%117  This will allow for comparison of physical, chemical and
mechanical properties with each MDI formulation within this report. IPDI was
selected as its asymmetry structure will lead to clearer final materials. Another key
parameter for the selection of IPDI within an optically clear adhesive is it possesses
better UV stability than MDI.82

To assist with obtaining a clear adhesive each chain-extender has a branched structure.
These branching moieties are either due to having > 2 reactive groups as in
trimethylolpropane (see figure 1.45 (b)) or due to having steric groups such as
methyl/ethyl groups within the chain extenders structure as in 2,2-diethyl-1,3propane
diol (figure 1.44 (c)), 1,3-butane diol and 1,2-propane diol (figure 1.44 (b)).

Finally, three different soft-segments were selected; a polyether, a semi-crystalline

polyester and an amorphous polyester to screen the adhesion potential of each.
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Chapter 2 — Experimental and Instrumentation

2.00 Experimental
Within this chapter the key experimental techniques and instrumentation used within

this research project are presented.

2.01 Cellulose Triacetate Surface Treatment

2.011 Background

Cellulose triacetate films of 125 pm thickness were obtained from Polarway® Polymer
Films and the film was used as received. As the film is not hard coated it is possible
to perform the saponification surface treatment on both faces. Saponification is the
deacetylation reaction of the acetate side groups of cellulose triacetate which leaves
regenerated cellulose. The surface treatment was performed to leave hydroxyl groups
at the substrate interface which will present the opportunity to form covalent bonds

between the reactive prepolymer adhesive and the substrate.
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Figure 2.01: Reaction mechanism for the saponification of cellulose triacetate by
sodium hydroxide leaving regenerated cellulose.
Saponification is carried out using bases such as sodium hydroxide or sodium

methoxide. In sodium hydroxide the deacetylation occurs via nucleophilic attack of
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the acetate carbonyl. This in turn results in the liberation of sodium acetate leaving a
hydroxyl group on the glucopyranose ring. Saponification of the more accessible
primary acetate groups occurs first followed by the secondary acetate groups as they
are more sterically hindered. This heterogeneous process occurs initially at the
interface face. However, due to the hydrophilic nature of cellulose triacetate reactants
will in time diffuse into the bulk making it possible for deacetylation of the full film if

enough time is allowed.

2.012 Method for Sample Preparation

Prior to surface treatment test pieces where cut into 25 x 100 cm samples. These
samples were saponified using 2.5 M sodium hydroxide at 65°C for four minutes with
the samples submerged and continually agitated. Following removal of excess
treatment solution film samples are washed at 65°C for four minutes in deionised water
with continual agitation. A second cold washing step is next performed using room
temperature deionised water for two minutes. Finally the treated sample is dried at

room temperature prior to use in lamination without any further processing.

The short treatment time obtained is to serve two purposes; firstly to ensure that the
surface treatment could be used in-line during a commercial lamination process and
secondly to allow conversion of the surface functionality but limit changes to the
surface roughness. A chemical treatment was adopted to ensure that the treatment was
permanent and therefore did not change with time. This was essential as previous work
with other treatments gave variable result with time e.g. enhancement of corona

treatment reduced with time and was affected by changes in humidity.

2.02 Bisphenol-A Polycarbonate Surface Treatment

2.021 Background

Polymer films of bisphenol-A polycarbonate of 175 pm thickness were obtained from
Sabic. Surface treatment was performed on one face which requires the removal of a
protective anti scratch film which was simply peeled off. The intended surface
treatment is the nucleophilic attack of the carbonate linkage by the primary amine of
ethanolamine (see figure 2.02). Two potential sites for covalent bonding are

introduced by cleavage of this carbonate group. As cleavage of the carbonate bond
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occurs between the oxygen and the carbonyl via nucleophilic attack, a primary alcohol

is introduced from ethanolamine and a phenol from the carbonate.
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Figure 2.02: Proposed reaction mechanism of the nucleophilic attack of poly

(bisphenol A carbonate) by ethanolamine.!

2.022 Method for Sample Preparation

Surface treatment of the 175 pm thick polycarbonate film was performed on test pieces
30 cm in width and 50 cm in length. Prior to the treatment, the anti-scratch protective
film is removed. This naked face is then wiped with a fine cloth saturated with the
treatment solution of 30% ethanolamine in 70% isopropyl alcohol. This wiping
process is performed for 60 seconds to ensure that the full surface is treated and this is

followed by a 60 second standing period. Next the film is transferred to a 120°C oven
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for 120 seconds to promote the carbonate bond cleavage of the carbonate groups at the
interface (solution concentration, oven temperature and oven time were determined in
previously at Polaroid Eyewear). Surface treated films are now ready for lamination

and used without any further processing.

The short treatment time obtained is to serve two purposes; firstly to ensure that the
surface treatment could be used in-line during a commercial lamination process and
secondly to allow conversion of the surface functionality but limit changes to the
surface roughness. A chemical treatment was adopted to ensure that the treatment was
permanent and therefore did not change with time. This was essential as previous work
with other treatments gave variable result with time e.g. enhancement of corona

treatment reduced with time and was affected by changes in humidity.

2.03 Polyurethane Synthesis and Reaction Set-up

Synthesis of isocyanate terminated prepolymers was performed to allow moisture cure
of the adhesive following application to the laminate. Prepolymers were chosen over
two part polyurethane adhesives as greater control over the final polyurethane

morphology is possible via this method.

2.031 Material

Materials used in the synthesis of polyurethane adhesives were all purchased from
Sigma-Aldrich unless specified. Isocyanates methylene diphenyl diisocyanate (MDI)
and isophorone diisocyanate (IPDI) were both used as received (MDI was stored
within the freezer to limit uretidinedione formation). Chain-extenders 1,3-butane diol,
1,2-propane diol, 2,2-diethyl-1,3-propane diol and trimethylolpropane were all dried
within a vacuum oven for 48 hours at 80°C prior to use. Polyols 1000 Mw propylene
gycol, 2000 Mw poly(caprolactone diol) (Perstorp) and 2500 Mw
poly((diethyleneglycol) adipate) were all dried within a vacuum oven for 48 hours at

80°C prior to use.

Table 2.01: Thermal and mass data of raw materials.

Material Thermal Characteristics? Mass Data?
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Ty Tm Tm Mn Mw PDI
(°C) TgRange Tm Enthalpy
Onset 1
(°C) () (Jg7)
(°C)

PPG -70 -71 to -69 - - - 1008 1033 1.02
PCD -64 -67 to -58 50 45 57 1695 1824 1.08
PDEGA | -49 -51 to -48 - - - 1443 1923 1.33

1 = Determined by DSC, 2 = Determined by MALDI-MS, T4 = Glass transition
temperature, Tm = Melting temperature, Mn = number average molecular weight, Mw
= weight average molecular weight and PDI = polydispersity index (see section
2.132 for formulae).

2.032 Synthetic procedure

The synthetic procedure used is the same in both cases with the only difference being
in reaction time. This difference in reaction time is to account for the differences in
the reactivity of the isocyanates groups. All adhesive were synthesised in the bulk

using the prepolymer method as detailed below.??

In all cases an isocyanate end-capped prepolymer is formed using a 2.2:1.0
stoichiometric excess of isocyanate (see equation 1.4 within chapter 1). To the reaction
kettle (700 ml capacity), the dried polyol of predetermined weight is added along with
10 mole% of trimethylolpropane chain-extender (10 mole% of hydroxyl content), this
mixture is allowed to equilibrate at 75°C for 30 minutes (see figure 2.03 for reaction
kettle set up). The reaction kettle is equipped with a nitrogen inlet/outlet, overhead
mechanical stirrer, thermocouple and an addition port. The reaction kettle was heated

using an oil bath and hot plate.
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Figure 2.03: Apparatus used in synthesis of polyurethane adhesives. (a) Reaction
kettle complete with nitrogen inlet/outlet, overhead mechanical stirrer,
thermocouple, addition port and (b) three necked round bottom flask for
preparation of isocyanate.

In a separate 100 ml three necked round bottom flask the isocyanate component is
prepared. The round bottom flask is heated using a 100 ml drysil block and hot plate.
A stirrer bar is added to the three necked flask which is degassed under vacuum for 1
hour, following this period the flask is filled with dried nitrogen and charged with the
isocyanate of predetermined weight. The isocyanate is then equilibrated at 50°C under
nitrogen before being added to the reaction kettle. 1 ml portions of the isocyanate are
added to the polyol containing reaction kettle with care taken to ensure the reaction

temperature does not exceed 85°C.

Once all the isocyanate is added the reaction is left to stir for 3 hours if MDI is used or
5 hours if IPDI is used.>® Following the appropriate elapsed time samples of the
adhesive are collected for nuclear magnetic resonance spectroscopy, matrix-assisted
laser desorption ionisation mass spectrometry and differential scanning calorimetry.
Next curing catalysts were added with 0.05 wt% of dibutyltin dilaurate and 0.05 wt%
of triethylamine added (calculated form total formulation weight). Base formulations
which are not being chain-extended at this point are degassed at 50°C. Once fully
degassed (no visible bubbles or reduction in pressure observed) the adhesive is
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transferred to an aluminium tube which is then capped. Next the adhesive is transferred

to a vacuum desiccator and stored within the fridge prior to application.

In most adhesive formulations a second synthetic chain-extension step is performed.
To the reaction kettle, the dried diol chain-extender of predetermined weight is added
in a 2.2:1.0 stoichiometric ratio based on the calculated free isocyanate content. If
MDI is the isocyanate, the chain-extension step is carried out for 5 hours and if IPDI
is used 19 hours is allowed for the chain-extension step.?® Once the reaction is
complete samples are collected for nuclear magnetic resonance spectroscopy,
matrixassisted laser desorption ionisation mass spectrometry and differential scanning
calorimetry. Next, curing catalysts were added with 0.05 wt% of dibutyltin dilaurate
and 0.05 wt% of triethylamine added (calculated form total formulation weight). The
formulation is then degassed at 50°C (until no bubbles are visible or any further drop
in pressure) and then transferred to the aluminium application tube. Finally, the
adhesive is transferred to a vacuum desiccator and stored within the fridge prior to

application. All adhesive formulations were applied within 7 days of synthesis.

2.04 Polyurethane Adhesive Lamination

Lamination of both cellulose triacetate (TAc) and polycarbonate (PC) was performed.
Six different laminate combinations were tested namely TAc/TAc, TAc(t)/TAc(t),
TACc(t)/PC, TAc(t)/PC(t), PC(t)/PC(t) and PC/PC where (t) denotes surface treated (see
section 2.01 for TAc and 2.02 for PC). Test laminate were prepared by aligning the
two films of choice using one top edge and one side edge to ensure the final laminate
was aligned. Once successfully aligned the flush end of the two films are taped

together fixing them in place.

A simple lamination process was performed using a set of steel nip rollers and a
Chemlnstruments laboratory laminator LL-100. Prior to adhesive application the
taped end of the laminate is fed through nip rollers and then clamped between the two
foam rollers of the laboratory laminator at a pressure of 25 bar. Next the gap between
the nip rollers is set using two 40 um shim pieces which are placed within the laminate.
The gap is set by adjusting the nip rollers until the laminate and shims just to pass
through the gap (once complete shims are removed). An adhesive bead is applied to

the bottom layer with both layers becoming laminated at the nip roller.
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This lamination process is performed at 2 m mint. For MDI based adhesives
application temperatures varied from 70°C — 180°C and for IPDI based adhesives
application temperatures varied from 50°C — 105°C. Adhesive layers following
lamination typically varied between 40-60 um. Following lamination test pieces were
cured at room temperature with the adhesive strength tested at 7 and 30 days (see

section 2.16 for peel testing procedure).

Figure 2.04: Lamination set-up used for the application of polyurethane

adhesives.

2.10 Instrumentation
This section will present the basic theory and methods of the key instrumental
technique used within this research project.
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2.11 Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy

2.3.1.1 Background

Infrared spectroscopy is used extensively when monitoring chemical reactions and
investigating chemical structures. Its success is in part due to the variety of analysis
techniques that are available to chemist such as specular reflectance, diffuse
reflectance, and internal reflectance. Within this project internal reflectance or as it is
better known Fourier transform infrared attenuated total reflectance (ATR)

spectroscopy will be discussed.5’

ATR is possible when total internal reflection of infrared radiation occurs within an
optically dense medium (e.g. diamond, zinc selenide, germanium, zinc sulphide etc.)
with a refractive index of n1.2 When this sampling layer come into intimate contact
with another material of lower refractive index nz (or lower optical density) then total
internal reflectance will occur as n1 > n2.8 This wave created is known as an evanescent
wave and occurs when the angle of incidence from the radiation source exceeds a
critical angle Ocrit (38.7° for diamond with n = 2.4 for A = 1000 cm™) which can be

calculated by:

— -1pnz  Equation
2.1
Ocrit = sin n1

n1 = ATR crystal refractive index, n, = sample refractive index
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Figure 2.05: Schematic of single reflection/bounce ATR instrumental set-up. An
evanescent wave occurs at the interface of the sampling material and is positioned at
the crest of the incident beam. This evanescent wave penetrates the adjacent material
and due to the difference in refractive index returns as the reflected wave (see figure
2.05). This evanescent wave that leaves the ATR crystal is nontransverse, meaning
that it has vector components in all spatial directions.® These vector components of
the evanescent wave will therefore be able to interact with molecules which possess a
dipole within the adjacent material being sampled. These interactions will occur in all
orientations resulting in an informative probe of the adjacent material. Commonly
instruments used in ATR analysis are single reflection/bounce as shown in figure 2.05
however; multi-reflection/bounce instruments are available.

Another analysis parameter that can be varied is the evanescent wave depth of

penetration (dp). This is done by changing the crystal used for analysis or by adjusting
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the angle of incidence (0) in which the infrared beam enters the crystal and thus sample
(must be above Ocit for total internal reflection to occur).®2 The relationship between
the dp and how it is affected by wavelength, the refractive index and angle of incidence

is given below:

dy-

2mV(n21sin20 — n22)

Equation 2.2

A is the wavelength of light for source, ny is refractive index of diamond, nz is refractive

index of sample, 0 is the entry angle of infrared radiation

This formula displays that the degree of penetration is both wavelength and refractive
index dependent. As the wavelength of the infrared radiation is increased, the dp
increases. Infrared spectra however, are not plotted in terms of wavelength but instead
are shown in wavenumbers. This changes the relationship, which now displays a
decrease in the dp as the wavenumber is increased. This relationship is commonly
observed visually in the relative decrease in band energies of the higher wavenumber
vibrations in the ATR spectrum which appear weaker than those obtained by
conventional transmission mode. If a comparison with transmission data is required
an ATR correction can be applied (available in most software packages).

This ATR correction uses mathematics to address the issues of:

» the distortion of the relative band intensities caused by the dependence of the
dp with wavelength

» the dispersion of the refractive index which results in the shift of bands to
lower wavenumbers

» deviation from the Beer-Lambert law (there is a logarithmic dependence
between the transmission of light as it passes through a substance with an
associated absorption coefficient and its path length through the material)

which is due to non-polarisation effects®

For the above criteria to be fulfilled it is essential to ensure that sufficient contact
between the diamond crystal and the sample is obtained. This is possible either by

casting a film of the sample onto the crystal or physically clamping the film on top of
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the crystal. It is important to note that the pressure of clamp will influence the peak

intensity of the IR spectrum obtained.

2.3.1.2 Method

Analysis was carried out on Agilent Technologies 4500 Series Portable FTIR Spherical
Diamond ATR. Each spectrum consisted of 128 scans with 8 wavenumbers resolution
with the sample depth ~ 2 pum at 1000 wavenumbers. Prior to collecting the
background and in between sample replicates the diamond crystal was cleaned using
an ethanol soaked soft tissue (anhydrous, > 99.5%). Characterisation of each adhesive
using ATR was obtained on 30 day 180° T-peel samples. Analysis of each laminate
(see section 2.04) was carried out at 9 random positions along the sample length. These
9 spectra were first normalised to account for any differences in clamp pressure and
then averaged to determine the variation within the adhesive layer of each different
laminate. A final average of all 6 laminates is then plotted to represent the bulk
characteristics of that adhesive. All ATR spectral averaging was carried out using

LabCognition Panorama with all spectra plotted using OriginPro 9.0.

Next deconvolution analysis of the N-H and C=0 regions was carried out on the final
average spectra (see appendix B). Each deconvolution was performed using OriginPro
version 9.0 software using Gaussian, Lorentzian and Gaussian-Lorentzian cross fitting
functions. The function of best fit was determined by the confidence of fit and R?
values. Within the N-H region peak fitting was used to determine the presence of free
N-H, a carbonyl overtone or hydrogen bonded N-H groups within the adhesive. Within
the carbonyl region peak fitting was used to determine if free ester, free urethane,
hydrogen bonded urethane, free urea, monodentate urea or bidentate urea were present

within the adhesive.

2.12 Nuclear Magnetic Resonance Spectroscopy

2.121 Background

In the past 30 years nuclear magnetic resonance spectroscopy (NMR) has established
itself as one of the best techniques for the characterisation of polymer materials.

This success in part is due to the flexibility of NMR which can be performed both in

solution or in the bulk however, NMR ability to differentiate between chemically
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different nuclei within polymers is the main strength of this technique. Using protons
that are chemically non-equivalent as an example it is known that when within the
same magnetic field they will possess different resonance frequencies. As each of
these resonance frequencies will supply different information about the molecular
structure it is possible to see why NMR can provide relevant information on both
organic small molecules and polymers. Within this section rather than discuss the
instrumental theory of the NMR instrument the author will direct the reader’s attention
to some relevant texts which cover this subject comprehensively. Within these texts
nuclear spin, the spectrometer, chemical shifts, spin — spin coupling, splitting patterns,
pulse and Fourier transform NMR are all addressed.®!° Also within these texts the
basic principles of NMR spectroscopy as well a more advanced experiments such as

two dimension NMR are discussed in detail.

Polymer NMR studies are most extensively carried out on copolymers as it allows for
excellent structural characterisation. NMR studies of this type are extremely useful
for polymers such as polyurethanes and the analysis of prepolymer materials.
Isocyanate terminated prepolymers are extensively used in many polyurethane
technologies such as foams, adhesives and elastomers. Prepolymers of this type can

have very different compositions which are dependent on the application of choice.

In adhesive applications the isocyanate terminated prepolymer will contain either an
aromatic or aliphatic isocyanate along with a polyether or polyester polyol which can
have a variety of molecular weights. Prepolymer materials can also then be further
reacted using a chain-extender to introduce hard urethane blocks e.g. diol or triol.
Following such reactions using solution state NMR is now a common place analytical

technique for determination of the prepolymers structure.

It is possible through the use of both proton (*H) and carbon (**C) NMR to monitor the
structure of the prepolymer molecule. In aromatic isocyanate systems it is possible to
differentiate between free isocyanate groups and urethane groups. In an MDI based
adhesives for example it is possible using *H NMR to observe the downfield shift of
the methine ring protons following the reaction of the isocyanate group with a hydroxyl

group. This is possible as the originally symmetric molecule becomes asymmetric
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following the formation of the urethane group and as a consequence the methine
protons are no longer chemically equivalent (see figure
2.06).

T v T T v T T
6 4 - [ppm;

Figure 2.06: 'H NMR spectrum of an MDI based prepolymer adhesive. Inset
expanded region displays splitting of the aromatic protons.

13C NMR analysis will also contribute toward characterisation of the prepolymer
structure. In an asymmetric diisocyanate system such as IPDI 3C is especially useful
as it allows for differentiation of the primary and secondary urethane linkages. Within
figure 2.07, the *C spectrum of an IPDI based prepolymer is shown. Within this *C
spectrum the isocyanate carbonyl shifts downfield once it is part of a urethane linkage.
Visible are the different types of urethane groups within the prepolymer, with both
primary and secondary urethane linkages visible at 156.6 ppm and 154.4 ppm
respectively. Also primary and secondary free isocyanate groups are visible within the
spectrum at 123 ppm and 121.8 ppm respectively. In this example **C NMR indicates
that the synthetic conditions used are not selective toward one diisocyanate group,

which is shown by the mixture of urethane linkages.
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Figure 2.07: Differentiation of primary and secondary urethane groups using
13C NMR in a prepolymer adhesive based on the asymmetric isocyanate IPDI.
Inset expanded region displays the isocyanate and urethane section of 3C

Spectrum.

2.122 Method

Both 'H and 3C NMR experiments were performed by dissolving around 100 mg of
sample in 1 ml of d-chloroform. If any solid material was still present the solution was
filtered through a Pasteur pipette containing a glass wool filter. The solution was then
transferred to a clean NMR tube with the sample depth being between 4.5 cm and 5.5
cm. The instrument used for analysis was a Bruker Avance DPX 400 with the spectral
analysis carried out using Bruker’s topspin software version 1.3. All spectra were
calibrated using the deuterated solvent peak at 6.27 ppm for proton spectra and 66.23
ppm for carbon spectra. Step one prepolymers (contain TMP chain-extender only)
were analysed using 16 scans in *H and 1024 in *C experiment.

Step two prepolymers (contain TMP plus diol chain-extender) were analysed using 32

scans in *H and 2048 scans in 13C.

2.13 Matrix assisted laser desorption ionisation Time-of-flight Mass Spectroscopy

2.131 Background
Mass analysis of high molecular weight compounds that are non-volatile is commonly
carried out using matrix assisted laser desorption ionisation time of flight mass

spectroscopy (MALDI-MS).}!  Implementation of this technique is most common
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when analysing large biomolecules such as peptides, proteins, oligonucleotides and
oligosaccharides.!?> Another area that it is commonly implemented is in synthetic
polymer analysis as it gives information such as the oligomer spacing and molecular
weight distribution.* These are two areas in which MALDI-MS is used but the scope
of this technique is much greater. Within this project the focus was on using MALDI-

MS in analysing polyurethane prepolymers.'4

MALDI-MS is a soft ionisation technique, therefore fragmentation is commonly
minimal and the mass spectrum recorded is mostly populated with sample molecular
ions. Degradation of the samples is unlikely to occur using the MALDI-MS technique
due to the soft nature in which the sample is desorbed and ionised.’® The key
component of this technique is laser desorption ionisation of a sample molecule, which
is performed by irradiation of a sample with a high energy laser. When a sample is
irradiated at a low rate over an extended period of time, the energy will be able to
dissipate throughout the system and into its surroundings resulting in no change to the
molecular structure or phase. When a solid sample is carefully irradiated with a large
amount of energy over a small time period, the sample will be ionised taking the
sample into the analysable phase through desorption. This laser irradiation process
can be a continuous or pulsed beam, with pulsed being the most common for MALDI-
MS analysis as it is softer in nature than a continuous beam. Possible physical
processes which can occur using this technique on a solid are melting, vaporisation,

ionisation and if not properly controlled decomposition.®®

Sample ionisation only occurs if the correct energy source is used e.g. ultraviolet,
visible or infrared radiation of the correct wavelength that matches the sample
absorption spectrum. This gives two possibilities a) the sample absorbs energy from
the radiation source taking molecules into an excited state b) the sample absorbs no
energy, therefore is not excited. The laser then must meet certain criteria in order to
cause this excitation and ionisation of the sample to occur. The main factors that
influence the laser’s ability to directly interact with the sample are a) the actual
wavelength that the laser generates (UV, visible or IR), b) the power that the laser

generates (energy of laser and its area of delivery) and c) the wavelength(s) at which
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the sample absorbs. If the laser source matches the sample then ionisation is possible

but unfortunately this is not possible with all molecules.

Using MALDI-MS it is possible to get past this shortfall through using a matrix
material. Using this approach it is the matrix that is matched with the laser adsorption
and not the sample. Analysis is possible by mixing an excess of a matrix material with
the sample and forming co-crystals. As the matrix is irradiated by the laser, it will
begin ionising with the excess energy being given out to the surroundings which
contains the sample, this in turn ionises the sample which is subsequently desorbed.
The matrix material, must therefore readily vaporise and thus possess the appropriate
molecular mass to promote this process. The matrix must however, not be of too low
a molecular mass that it will evaporate during sample preparation or be high in
molecular mass that it masks the sample. Matrix materials will often be aromatics
which contain polar functional groups (hydroxyl, carboxylic acid groups). These
characteristics ensure that the material will provide protons which assist ionisation

while being a stable molecule which can readily be prepared in an aqueous solution.
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2 5-dihydroxylbenzoic acid 2-(4-Hydroxyphenylazo)benzoic acid

OH © OH

1, 8-dihydroxy-9,10-dihydroanthracen-9-one

Figure 2.08: Structures of common matrix compounds used in the MALDI-MS
analysis of polyurethanes.

Common matrix materials that fit this description are 2,5-dihydroxylbenzoic acid, 2(4-
hydroxyphenylazo)benzoic acid and  dithranol (1,8-dihydroxy-9,10-
dihydroanthracen-9-one) as shown in figure 2.08.11" As the matrix is usually acidic
they act as proton donors, resulting in protonated [M + H]* ions of the sample
molecules being obtained. The MALDI-MS method gives good yields of ablated

acidic matrix ions, which in turn yields a high proportion of co-ablated molecules of
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the sample which are protonated. The previous process can only occur when the

matrix-sample complex is co-crystallised to a high quality.®®

Commonly, polar synthetic polymers produce poor MALDI-MS spectra even when
co-crystallised with the matrix. Addition of an alkali metal salt into the matrix recipe
has been shown to improve the quality of the spectra observed in many cases. This is
achieved by deliberately introducing the alkali metal into the system in the form of an
alkali metal salt. The alkali metal being electro-positive will promote gas phase alkali
metal cationisation through the stabilisation of the negatively charged polymer in the
gas phase. In the analysis of polyurethanes containing a polyester softsegment using
a matrix such as dithranol with an alkali metal salt such as sodium trifluoroacetic acid
is essential to obtain reasonable spectra. For this system each mass peaks within the
MALDI-MS spectra will be 23 mass units higher as each is the sodiated adduct.

Vacuum chamber
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Figure 2.09: MADLDI-MS instrument. 1 = Sample target plate, 2 = Sample, 3 =
light ions, 4 = heavy ions, 5 = laser with pulsed beam, 6 = ionisation area, 7 =
acceleration field area, 8 = field free time measurement area, 9 = detector and

10 = computer.18

Analysis of the ions produced from the MALDI-MS process is possible by using a
mass spectrometer. Before entering the time-of-flight tube gas phase ions are
subjected to an accelerating potential which can be either positive or negative. As ions
enter the time-of-flight tube they will no longer be under the influence of the
accelerating potential and enter the field free drift part of the tube where they propagate

towards the detector which is situated at the other end of the tube. The time-of-flight
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mass spectrometer separates the ions through the known fact that lighter masses will
feel the influence of the accelerating potential more than heavier ions, therefore will
accelerate faster and reach the detector in a shorter time. Assignment of the mass is
then possible by calibrating the instrument using molecules of known mass such as
proteins. Next the detector relays this information to a computer where the data can
be analysed. Spectra are plotted as % intensity versus mass/charge ratio. The full

MALDI-MS process is carried out under vacuum (see figure 2.09).

2.132 Method

Prepolymer adhesives were end capped with ethanol directly after synthesis to prevent
an increase of the molecular weight by moisture cure of the free isocyanate. Samples
were prepared as a 40 mg ml? solution in tetrahydrofuran. The matrix used was
dithranol or 2-(4-hydroxyphenylazo) benzoic acid in tetrahydrofuran and was prepared
as a 20 mg ml! solution. To promote ionisation of the polyurethane prepolymers
sodiated trifluoroacetic acid was also added to the matrix and was prepared ina 1 mg
ml solution in water. The recipe used for MALDI-MS analysis was 350 pl of matrix
and 50 pl of sodiated trifluoroacetic acid. Next matrix and sample were mixed in a 7:1
ratio prior to being placed on the silver analysis tray. Sample solutions were spotted
and the solvent was allowed to completely evaporate before being loaded in the
analysis chamber. MALDI-MS analysis was carried out on a Kratos Axima-CFR in

linear mode using a time-of-flight mass spectrometer with a mass range of 1-150 KDa.

From the data collected it is then possible to calculate the number average molecular
weight using:
2 (NiMi)

Mn=___ Equation 2.3
Z(Ni)

Where Mn = number average molecular weight, Ni = ion intensity and Mi = ion mass

Then weight average molecular weight is calculated by:
%(NiMi?)
Mw=____ Equation 2.4
%(NiMi)
Where Mw = weight average molecular weight
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Finally, the polydispersity index can then be calculated:

Mw
PDI=___ Equation 2.5
Mn

Where PDI = polydispersity index
2.14 Differential Scanning Calorimetry

2.141 Background

Differential scanning calorimetry (DSC) is a thermal analysis technique that is
commonly used in the characterisation of polymer materials due to it being a
quantitative means of measuring phase transitions. Using DSC it is possible to
determination the temperature and enthalpy changes of phase transitions within a
polymer.1>20 |f the polymer possesses regions of crystallinity a primary transition in
the form of melting would be observed upon heating whereas if amorphous regions are
present it may be possible to observe a secondary phase transitions such as the glass
transition temperature (T4).2° Measuring phase transition within polymers is possible
by monitoring the change to the heat flux through the material as it is going through
the phase change. Instruments such as the TA Instruments Q1000 perform analysis

such as this routinely (see figure 2.10).

Instruments such as the one mentioned above measure phase transitions in polymers
using the analysis cell as shown in figure 2.10 (b). Within this cell a reference pan
(empty) and a sample pan are placed with each pan taken through the same heating
profile. Both positions are heated independently to ensure that they both maintain the
same temperature throughout the heating program.’® When the sample undergoes a
phase transition a variation in the temperature will occur with respect to the reference

pan and it is this change in heat flux that can be monitored.

During for example a melting phase transition, the sample pan will lag behind the
reference pan as extra energy is required to melt the sample. By plotting temperature
versus heat flux a melting peak will be visible as an endotherm. Through normalisation

of the sample mass it is possible to obtain enthalpic information on the polymer, such
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as the heat of fusion from a melting endotherm. Also the heat capacity change of the

glass transition can also be obtained from this normalised data.

(b)

Figure 2.10: Design of a current differential scanning calorimetry instrument (a)
and overview of inside the scanning analysis chamber (b).

Figure 2.11 displays a DSC thermogram for a polyurethane prepolymer containing a
polyester soft-segment. The soft-segment glass transition occurs at -55°C (1), this is
followed by a crystallisation exotherm of the soft-segment at 10°C (2). Within this
particular prepolymer both amorphous and crystalline domains are present.
Subsequent melting of the ester soft-segment is next observed at 28°C shown by
endotherm (3). Curing of the free isocyanate groups of the prepolymer are shown by
the large exothermic peak (4) at 230°C. DSC is a very informative technique for the
thermal analysis of polyurethanes and when used on fully cured materials it can assist

with interpretation of the polymers microphase morphology.

Important thermal transition such as the Tgand Tm will now be discussed in more detail.
All polymer materials will be a ridged solid when at a suitably low temperature. As
the temperature is increased the amount of energy and ability of the polymer chains to
move is increased. This solid to liquid phase transition occurs in two ways and is

determined by the organisation of the chains within the material.

A polymer can be either amorphous, semi-crystalline or perfectly crystalline in the
solid state. When fully amorphous, the polymers chains within the material are
arranged totally random. Polymer of this type follow the specific volume change with
temperature path A-B-C (see figure 2.12). At the low temperature end of this path

between C-B, the material will be a solid glass. As the temperature is increased, the
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material passes through the Tq or the glass transition temperature. Once beyond this
temperature (B-A) the material will begin to soften and become more rubber like. The
Ty is a significant temperature as the properties of the material will change as the
system moves above it. With increasing temperature (B-A), the material will move

away from being rubbery towards becoming a viscous liquid.
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Figure 2.11: DSC thermogram of a typical semi-crystalline polyurethane
prepolymer. Thermogram displays the soft-segment glass transition (1) at 55°C,
soft-segment crystallisation exotherm (2) at 10°C, soft-segment melting
endotherm (3) at 28°C and exothermic cure at 230°C.

Perfectly crystalline materials contain polymer chains that are located within regions
of three-dimension order known as crystallites. This material will not contain any
disordered chains and as a consequence no glass transition will be observed. Upon
heating, the perfectly crystalline material will follow path A-G-H. Along this path the

material will pass through its melting temperature, Tm°® and become a viscous liquid.
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Figure 2.12: Schematic of the solid to liquid transition as represented by the
change in specific volume with increasing temperature. A-B-C is a completely
amorphous material, A-D-E-F is a semi-crystalline material and A-G-H is a
perfectly crystalline material.?*

More commonly semi-crystalline materials are encountered within practice and follow
path A-D-E-F. These materials contain regions of both order and disorder. As a
consequence observed for these semi-crystalline material will be both a Tq and T,
corresponding to the disordered and ordered regions. Tm will occur over a broader
range and at a lower temperature compared to Tm°. The depression of T compared
with Tm° arises from semi-crystalline materials containing polymers of various chain
lengths and crystallites of various size. Both these factor contribute towards lowering

the Tm which can be further influenced by the samples thermal history.

2.142 Method

Both the position and the behaviour of thermal transitions are sensitive to the
experimental heating rate, the materials thermal history and the processing history of
the material. As samples within this report will be compared with one another, a single
heating rate of 10°C min was selected. Prepolymer samples were analysed within a

nitrogen atmosphere by initially cooling to -90°C and then heating at 10°C min™ to
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350°C. For cured samples a cool-heat-cool-reheat experimental procedure was
adopted within a nitrogen atmosphere. For the first cooling cycle, the sample is cooled
at 10°C min* to -90°C and held isothermally for 5 minutes. The first heating cycle
was used to remove any thermal history from the sample with a ramped heat to 150°C
at 10°C min* used. Next the sample is re-cooled to -90°C at 10°C min™ which again
is followed by a 5 minute isothermal hold. On the reheat cycle the sample was again
heated at 10°C min™* but this time to the elevated temperature of 300°C.

DSC data is analysed using TA’s universal analysis and plotted using OriginPro
version 9.0. The glass transition data is quoted as both the position of the glass
transition and the range in which the transition occupies. Glass transition temperatures
are calculated from the point of inflection which occurs between two linear regions
within the base line (calculated by extending the linear regions before and after the
transition). Onset and end points of the transition are calculated by identifying where
the DSC signal leaves these linear lines.  Crystallisation/melting peaks are
characterised using both the onset temperature and the peak temperature of the
transition. Heat of crystallisation/fusion values are calculated by integrating the area

under the peak, with enthalpy values given in J g.

To identification of weak thermal transitions, the first derivative of the heat flow is
calculated and plotted against temperature (results in appendix A). Calculating and
analysis of the first derivative plot is carried out using OriginPro version 9.0. If the
feature is = 10% greater than the baseline it is investigated. Any signals that are clear

instrumental noise are excluded from analysis (e.g. signal at 130°C figure A02).

2.15 Thermal Gravimetric Analysis

2.151 Background

As mentioned in the previous section, DSC is a useful tool for monitoring the thermal
transitions of polymer materials. The DSC run is plotted as heat flow versus
temperature making it simple to identify physical processes such as melting or
crystallisation.’® However, when these transitions are accompanied by a change in the
mass of the samples e.g. in degradation where volatile products are liberated and lost

to the atmosphere, then analysis of the sample becomes more complex. Following a
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thermal transition such as degradation where the sample incurs a mass loss, analysis is

much better suited to thermal gravimetric analysis (TGA).?223

TGA experiments are carried out by continuously recording the mass of the sample as
it is heated at a constant rate or held isothermally at a constant temperature.’® Any
mass loss that occurs from surface water or trapped solvent which may be absorbed
within the sample or products of degradation can be recorded. Analysis is carried out
by loading the sample into the furnace which contains a highly accurate
electromagnetic balance. The furnace is then sealed and exposed to a flow gas, which
is commonly argon for non-oxidative studies or air for oxidative studies. Next the
instrument performs the desired heating profile which as previously mentioned will be
either isothermal or ramped. Following analysis, percentage mass loss versus
temperature is plotted to display the degradation profile of the polymer. Commonly
the first derivative of the degradation profile is calculated giving the derivative thermal
analysis curve which display the peak rates of degradation from each process
occurring.®  An example TGA curve containing both the degradation and the first

derivative are plotted in figure 2.13.

Figure 2.13: TA Q50 TGA instrument displaying highlighted platinum sampling
pan and furnace.

Considering together the degradation and derivative curves, a number of features that
are characteristic of the polymers decomposition can be observed (figure 2.14).
Represented by feature (1) is the onset of polymer degradation which is defined as 5%

of the total mass loss. This feature displays the initial temperature at which the
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polymer begins to release low molecular mass volatile degradation products (in
polyurethanes is normally hard segment fragments). This is followed by primary
degradation process (2) which occurs at 329°C in the derivative curve. As the sample
begins to further decompose both the second and third decomposition process are
observed. The third degradation process is the main decomposition process as shown
by the large derivative peak (3) at 401°C whereas, the fourth process can be considered
minor and can be seen as a shoulder peak (4) at 426°C. Finally during degradation
more stable cross-linked fragments have formed shown by the fifth degradation

process which is also visible within the derivative (5) occurring at 543°C.
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Figure 2.14: TGA degradation curve of a cured polyurethane adhesive (solid
black) obtained under argon, complete with first derivative of the degradation
curve (dashed black).

Due to recent developments in TGA instrumentation it is now possible to analyse the
volatile fragments produced during degradation. Coupling chemical analysis
instruments such as FT-IR and mass spectrometry with the TGA allows for detailed
analysis of the gases products produced during degradation. With modern instruments

it is possible to perform differential thermal analysis measurements to obtain
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information on the thermal transitions occurring within the sample. It is therefore
possible to characterise the thermal transitions and degradation profile of a given

sample using the same instrument.

2.152 Method

Thermal gravimetric analysis was carried out using a TA Q50 TGA using a platinum
analysis pan. Cured polyurethanes adhesive samples between 30 — 40 mg were used
in TGA analysis. Samples are placed into a clean platinum analysis pan which is then
loaded into the instrument furnace. Samples were then taken through a ramped heat
from 40°C to 750°C at 10°C min* under an atmosphere of nitrogen. For each sample
the onset of degradation was determined by the temperature at which the sample lost
5% of its initial mass. All TGA curve are plotted using OriginPro 9.0 with the same

software package used to calculate the first derivatives.

2.16 180° T-Peel Tensile Test

Tensile testing was used to determine the peel strength in N mm™ of each laminate.
Also available from tensile testing was the mode of failure, the effectiveness of each
surface treatment and the compatibility of the adhesive with each substrate. Samples
were tested at two intervals following lamination namely 7 and 30 days. 7 days was
selected as the first test time to determine if the laminated material was cured enough
to be further processed. The 30 day test was used to determine two parameters; (a) if
the peel strength remained stable when a high strength was obtained following 7 days
of cure and (b) when the peel strength was low after 7 could it now be further
processed. Following both 7 and 30 days of cure, the target peel strength is set at 3 N
mm! with the target mode of failure being cohesive within the adhesive. 180° Tpeel
test experiments were carried out using an Instron 4301 equipped with a 1 kN load cell.
As the results obtained are used on a comparison bases the test procedure was
standardised as follows. Sample width was fixed at 25 mm, extension length was fixed

at 150 mm and extension rate was fixed at 100 mm min-L.
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Figure 2.15: 180° T-peel roller system used to ensure correct angle obtained
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during testing on laminates containing different ply materials.

Laminates constructed using two different substrates are subject to variability in the
peel angle as both materials will react differently under the load. To insure that the
angle obtained was 180° a roller system was used for all testing as shown in figure
2.15. These rollers were separated by a gap which is greater than the laminate
thickness and were highly polished to reduce frictional forces. Within the example
roller system within figure 2.15, the gap was set at 500 microns which allowed for

testing of adhesive layer up to 150 microns.

Samples traces are plotted as force in kN versus displacement in mm. The first 50 mm
of each sample was not considered during strength calculations as in this region the
formation of a stable crack is obtained (zone 1 figure 2.16). Peel strength values are
then calculated using formula 2.6.
L
P=_(1—-cosB) Equation 2.6
w

P = peel strength in N/mm, L = load in N, w = sample width in mm, 6 = peel angle.?*

As the peel angle used within this study was 180° the equation reduces to:

P=__ Equation 2.7

Calculation of the peel strength is performed using the average load value obtained

between 50 and 150 mm of extension (zone 2 figure 2.16). Values exceeding 3 N mm-
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! obtained during peel testing are classed as a pass whereas, strengths below this value
are considered a fail. The target mode of failure is cohesive within the adhesive as this
displays good compatibility with the interface. An adhesive mode of failure above 3
N mm™ is still considered a pass but is not considered ideal as the bond may be
susceptible to failing from moisture ingress. Cohesive modes of failures within the
adhesive also display that the compatibility of the interface and the adhesive is high,
making the long term stability of the bond less of an issue. This is in comparison to

bonds that are failing adhesively at the interface.
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Figure 2.16: Example of the traces obtained during 180° T-peel testing for
calculation of peel strength. Zone 1 is discarded and zone 2 is used in calculation.
180° peel test measurements are given for 7 and 30 days and are accompanied by the
mode of failure observed. The mode of failure is monitored by visual inspection
however, when not clear the mode of failure is determined by ATR. This is carried
out by placing the peeled interface onto the ATR crystal to investigate if the adhesive
is visible or just the substrate. The accepted error in the peel strength measurement is

+ 0.5 N mm?.

Due to the size of the samples it was not possible to store them within a