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ABSTRACT

Fabrics that demonstrate the properties of water vapour permeability and waterproofness are
classified as breathable fabrics. The construction of these fabrics involves using polymeric
membranes or coatings, which are impermeable to liquid water but permeable to water vapour;
such membranes are known as breathable membranes. These membranes can be classified as either
hydrophobic microporous or hydrophilic non-porous. Microporous, breathable membranes are
typically constructed from hydrophobic polymers and feature microscopic pores. The pores are
engineered to be sufficiently small to prevent liquid water penetration while still being large
enough to facilitate the passage of water vapour. The hydrophilic, non-porous polymeric films
contain chemical functionalities that have the ability to absorb, diffuse, and desorb water vapour
molecules.

The first section explored the use of biaxially stretched microporous expanded PTFE (ePTFE)
membrane to make a waterproof, breathable, flame-retardant moisture barrier fabric by laminating
it with activated carbon fabric (ACF). For lamination, an isocyanate-terminated polyurethane
reactive hot melt adhesive was used, which reacts with atmospheric moisture to form a crosslinked
thermoset. The developed laminate was found to exhibit an excellent balance of waterproofness
(230 mbar) and breathability, which was quantified in terms of water vapour transmission rate
(WVTR) and water vapour resistance (Ret). High values of WVTR, 1296 + 96 g m224 h'! and low
values of Ret, 2.9 m?Pa/W signify a high level of breathability. The laminate demonstrated superior
flame resistance in vertical flammability tests, exhibiting no after-flame, melt-dripping, and char
length of merely 4.2 cm. The laminate exhibited the requisite degree of protection against
biological and chemical warfare (CW) agents, with no breakthrough of the CW agent being

perceived within the time frame of 24 h. The combination of excellent flame retardancy,
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breathability, waterproofness, and chemical and biological protection provides the laminate with
significant potential for use as a moisture barrier in fire-protective clothing applications.

The next section reported the preparation of hydrophilic, non-porous, breathable poly(urethane—
imide) copolymer (PUI) films. PUI resin was synthesised by reacting 4,4'- diphenylmethane
diisocyanate (MDI), polyethylene glycol (PEG-1500), and pyromellitic dianhydride (PMDA). PUI
films were prepared with increasing imide content, and their characteristic properties in terms of
thermal stability, breathability, and waterproofness were compared with analogous polyurethanes
of a similar soft segment. The breathability of PUI film is significantly higher than that of PU film
(~20%). The extent of phase separation is more pronounced in PUI than in PU, which leads to the
migration of soft segments (PEG) to the surface. This higher concentration of hydrophilic PEG on
the surface imparts higher hydrophilicity to PUI films, which reflects in a lower water contact
angle, a higher degree of water sorption and better breathability. The thermal stability of PUI was
higher (Tmax1 ~ 420 °C, Tmax2 ~ 600 °C and char yield 21%) than the analogous PU ( Tmaxi ~ 360
°C, Tmax2~ 420 °C, and char yield 6%). The practical applicability of the developed copolymer as
a breathable waterproof coating was demonstrated by the coating of the PUI copolymer on a base
fabric. The developed PUI-coated fabric withstood hydrostatic pressure of ~3000 mbar, with a
WVTR of 1200 g m224 h'!, bestowing it excellent candidature as a waterproof, breathable fabric.
The flame retardancy of PUI films is better than that of PU films because it does not produce any
melt drips while burning. However, it is still flammable and burns completely on exposure to
flame. Flame retardancy is imparted to the PUI films by adding various phosphorous-based flame
retardant additives. Incorporating ammonium polyphosphate (APP) and DOPO resulted ina VIM
0 rating with no melt drip at a loading of 25% w/w, whereas PEPA at the same loading achieved

a VITM-1 rating. Morphological studies indicated that both APP and PEPA-formulated PUI films



demonstrate intumescent behaviour, forming a foamed charred surface that protects the underlying
polymer substrate. The highly porous char produced from PUI containing DOPO indicates that
flame retardancy was primarily achieved via a vapour phase mechanism. Conventional phosphate-
based flame retardants, such as triethyl phosphate, tricresyl phosphate, and triphenyl phosphate,
were found to be ineffective to impart flame retardancy in PUI films.

Flame retardant poly(urethane-imides) films exhibit an effective combination of waterproofness,
breathability, thermal stability, and flame retardancy while demonstrating no melt drips. The
synthesis of PUI necessitates substantial quantities of toxic solvents, such as DMF, along with
extended reaction times and elevated temperatures. A flame-retardant polyurethane formulation
was developed to address these drawbacks, achieving performance comparable to FR-PUI without
the use of toxic solvents. Two series of hydrophilic polyurethane films were synthesized through
the reaction of polyethylene glycol (PEG 1500) with methylene diphenyl diisocyanate (MDI), both
with and without the use of a crosslinker. 1,3-Dioxolane was used as a greener alternative solvent
to the commonly used DMF. A ternary flame-retardant formulation comprising ammonium
polyphosphate, aluminium trihydrate, and pyromellitic dianhydride was used to increase the flame
retardancy of polyurethane films. Non-crosslinked films can attain a VIM-O0 rating, although they
exhibit non-flamed melt drips. A crosslinker was necessary to achieve flame retardancy without
melt drips. FTIR studies indicate that flame application facilitates in situ polyimide formation
through the reaction of PMDA with isocyanate generated from the degradation of PU. The
incorporation of green solvent, combined with an optimal balance of flame retardancy,
waterproofness, breathability, and mechanical properties, makes them appropriate for flame-

retardant breathable coatings in textile applications.
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