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Abstract:

A

Polyurethane elastomers have a combination of excellent mechanical, physical and chemical
properties along with exceptional biocompatibility. Therefore, these elastomeric systems are used in
a diverse range of indoor, outdoor, underwater and biomedical applications. However, under certain
conditions polyurethane elastomers undergo degradation, resulting in modified properties during
usage or even complete failure. The degradation will not only severely affect the quality of the
associated items, devices, or instruments, but may also cause catastrophic outcomes risking people’s
safety and health. This review presents a comprehensive survey of the literature regarding various
types of degradation of polyurethane elastomers, including photo-, thermal, ozonolytic, hydrolytic,
chemical, enzymatic, in-vivo/in-vitro oxidative, biological, and mechanical degradation. The stability
of polyurethane elastomers based on different building blocks of macrodiols (polyester, polyether,
1
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polycarbonate, polybutadiene, and polyisobutylene), isocyanates (aromatic and aliphatic), and chain
extenders (diols, triols, and diamines) are summarised, and the mechanisms of different types of
degradation are presented. The chemical components significantly influence not only the material
structure and properties but also the degradative stability. Focussing on the components, we explore
strategies for the enhancement of polyurethane stability through chemistry and engineering. A range
of stabilizers, including both organic and inorganic additives for better stability against different
types of degradation, are discussed, with a focus on their efficacy and mechanisms of action. A
perspective on novel polyurethane materials with desired structures and properties combined with
exceptional stability is also provided.

Keywords: Polyurethane elastomers; photodegradation; thermal degradation; oxidation; ozone;
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Abbreviations
PLA

General terms:
Tg

Glass transition temperature

M

Molecular mass

Ed

Dissociation energy of a chemical bond

λ

Wavelength

Poly(lactic acid) [Poly(2hydroxypropionic acid)]
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NCO:OH isocyanate equivalents/macrodiol
equivalents ratio
Hard segment

SS

Soft segment

BDE

Bond dissociation energy

TGA

Thermogravimetric analysis

FTIR

Fourier-transform infrared

SC

Stress cracking

N

U

HS

Polyurethanes:
Polyurethane

PUU

Poly(urethane-urea)

PEsU

Poly(ester-urethane)

PEtU

Poly(ether-urethane)

PEsUU

Poly(ester-urethane-urea)

PEtUU

Poly(ether-urethane-urea)

PBU

Poly(butadiene-urethane)

PIBU

Poly(isobutylene-urethane)

PCU

Poly(carbonate-urethane)

M
D

TE

EP
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Polyesters:
PEA

A

PU

Poly(ethylene adipate)

A

[Poly(oxyethyleneoxyhexanedioyl)]
Poly(1,4-butylene adipate)

PCL

Polycaprolactone [Poly(1,7-oxepan-2-

PBA

[Poly(oxybutane-1,4-diyloxyhexanedioyl)]

one)]

4

Polyethers:

Aromatic diisocyanates:

PEG

4,4′-MDI 4,4′-Diphenylmethane diisocyanate [1-

Polyethylene glycol [Poly(ethylene

Isocyanato-4-[(4-

Polypropylene glycol [Poly(propylene

isocyanatophenyl)methyl]benzene]

oxide), Poly(oxypropylene)]
PTMEG

PHMG

POMG

TDI

Poly(tetramethylene ether) glycol

Diisocyanato-1-methylbenzene] or 2,6-

[Poly(tetramethylene oxide),

Toluene diisocyanate [2,6-Diisocyanato-

Poly(oxytetramethylene)]

1-methylbenzene], usually a mixture of

Polyhexamethylene glycol

two at 4:1 ratio

[Poly(hexamethylene oxide),

Aliphatic diisocyanates:

Poly(oxyhexamethylene)]

HDI

Polyoctamethylene glycol

(isocyanatomethyl)-1,3,3trimethylcyclohexane]

N

Polydecamethylene glycol

4,4′-H12MDI

A

[Poly(decamethylene oxide),

M

Poly(oxydecamethylene)]

Polycarbonate

PHMC

Poly(hexamethylene carbonate)

D

PC

TE

4,4′-Dicyclohexylmethane

diisocyanate [1-Isocyanato-4-[(4isocyanatocyclohexyl)methyl]cyclohexan
e]

LDI

[Poly(oxycarbonyloxyhexane-1,2-diyl)]

L-Lysine ethyl ester diisocyanate [Ethyl
(2S)-2,6-diisocyanatohexanoate]

Poly(1,6-hexyl-1,2-ethyl carbonate)

Chain extender:

[Poly(oxycarbonyloxy(2,2-

ChEx

Chain extender

diethylpropane-1,3-diyl)-

EG

Ethylene glycol [Ethane-1,2-diol]

oxycarbonyloxyhexane-1,6-diyl)]

EDA

Ethylenediamine [Ethane-1,2-diamine]
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PHEC

Isophorone diisocyanate [5-Isocyanato-1-

U

IPDI

Poly(oxyoctamethylene)]

Polycarbonates:

Hexamethylene diisocyanate [1,6Diisocyanatohexane]

[Poly(octamethylene oxide),

PDMG

2,4-Toluene diisocyanate [2,4-
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PPG

oxide), Poly(oxyethylene)]

Other polymers for the macrodiol part:

1,4-BDO 1,4-Butanediol [Butane-1,4-diol]

PB

1,3-BDO 1,3-Butanediol [Butane-1,3-diol]

A

Polybutadiene

HTPB

Hydroxyl-terminated polybutadiene

PIB

Polyisobutylene

PIP

Polyisoprene

PDMS

Polydimethylsiloxane
[Poly[oxy(dimethylsilylene)]]
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Stabilization:
CB

Carbon black

CNTs

Carbon nanotubes

ESIPT

Excited-state intramolecular proton

CB-A

Chain breaking acceptors

CB-D

Chain breaking donors

PDA

Polydopamine

PPD

p-Phenylenediamine [Benzene-1,4-
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transfer

diamine]
IPPD

N-Isopropyl-N′-phenyl-pphenylenediamine [1-N-Phenyl-4-N-

U

propan-2-ylbenzene-1,4-diamine]

Metal ion oxidation

MDM

Monocyte-derived macrophage

FBGCs

Foreign body giant cells

M

A

MIO

N

In-vivo/in-vitro oxidation:

Other chemicals/solvents/simulated body fluids:

diyl)diphenol]

D

Bisphenol A [4,4′-(Propane-2,2-

BPA

Phosphate buffer saline

ABS

Acetate buffer solution

TBS

Tris-buffered saline

LA

Lactic acid [2-Hydroxypropanoic acid]

THF

Tetrahydrofuran [Oxolane]

A
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PBS
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1. Introduction
Polyurethanes (PUs) are a group of polymers that are highly versatile due to the range of
chemistries that can be employed in their synthesis, resulting in a multitude of structures and

PT

properties. In particular, PU elastomers have been used in a wide variety of end-use markets such as
footwear, transportation, wheels and tires, construction, machinery, sporting, electrical and electronic,

SC
RI

marine, and other speciality applications [1, 2]. In addition, PU elastomers have a combination of
excellent mechanical, physical and chemical properties and exceptional biocompatibility [3-5].

Therefore, these materials have also been popular in biomedical applications, especially in durable

U

cardiovascular devices such as blood bags, vascular catheters and grafts, ventricular assist bladders,

N

artificial heart diaphragms, the total artificial heart, arteriovenous (AV) shunts, pacemaker leads, and

A

leaflet valves [3, 4, 6, 7]. Moreover, recent research has shown that PU elastomers can be designed to

M

exhibit a shape memory behavior [8-13], electrical conductivity [14] or dielectric properties [15],
thus presenting an even greater range of potential applications.

D

However, PU elastomers, like other organic polymers, are not indefinitely stable under all

TE

conditions. In some circumstances, they may undergo reactions that lead to a loss in desirable

EP

properties (such as elasticity, tensile strength, color, and shape). This change in properties is often
related to degradation or ageing [16]. The most apparent outcome of degradation is to shorten the

CC

service lifetime of the PU material. More importantly, the degradation of PU elastomers may cause
serious issues in certain circumstances. In marine applications, for example, PU elastomers with high

A

flexibility and acoustic transparency are often used as encapsulation materials for underwater sonar
devices [17-19]. However, the strong UV, heat, ozone, and stress conditions encountered during
daily use could significantly alter the chemistry and properties of the PU elastomers, and eventually
cause the materials to crack and fail. The early failure of the material may not only cause the devices

7

to malfunction, but also risk the safety of a vessel’s crew. As another example, the biodegradation of
PU elastomers in the body usually involves hydrolysis, chemical degradation, enzymatic degradation,
oxidation, and calcification [3, 20, 21]. The potential for catastrophic failure that PU elastomers
could experience when implanted in the corrosive environment of the human body has become a
major roadblock for medical application of these polymers. Therefore, how the degradation

PT

processes of PU elastomers can be significantly slowed for this important class of polymers is a
relevant and interesting topic both scientifically and in practice.

SC
RI

This review is focused on the degradation of PU elastomers under the influence of various
environmental factors (such as UV light, heat, ozone, water, inorganic ions and salts, organic

chemicals, acids, alkalis, enzymes, and reactive oxygen species) and explores how the resistance to

U

such degradation can be enhanced through chemistry and engineering. The mechanism of each type

N

of degradation and the enhanced stability of PU elastomers against a wide range of usage conditions

A

for both general and biomedical materials are discussed. It is hoped that this comprehensive review

M

will not only provide essential knowledge related to the science and engineering of durable PU

D

elastomers, but also provide guidance for future research into novel PU materials with desired

EP

TE

structures and properties combined with exceptional stability.

CC

2. Polyurethane chemistry

A

2.1. General

PU polymers are composed of organic units joined by urethane links. Urethanes are produced by

the reaction between an isocyanate (R-N=C=O) and an alcohol (R′-OH) [22] (Error! Reference
source not found.). When the alcohol is a diol or macrodiol, and the isocyanate functionality comes

8

from diisocyanates or polyisocyanates, PU polymers can be synthesized. The simplest formula for a

Urethane and polyurethane resulting from the reaction between an isocyanate and an alcohol.

SC
RI

Figure 1.

PT

PU is linear and is represented in Error! Reference source not found..

For the synthesis of PU elastomers, the reaction of a diisocyanate (either aromatic or aliphatic), a
macrodiol (a polymer diol), and a chain extender (ChEx; typically a small-molecule diol or a diamine)

U

together results in a copolymer of the macrodiol sequence, termed the soft segment (SS), and the

N

diisocyanate-ChEx sequence, termed the hard segment (HS) (Error! Reference source not found.)

A

[23]. This segmented polymer chain structure leads to a two-phase system and is highly

M

heterogeneous and dependent on the reaction conditions and the reactivity of the components and the

D

use and choice of catalysts [24-26]. The SS is selected to have a glass transition temperature (Tg)

TE

sufficiently below the desired service temperature of the PU to deliver the mechanical properties
required, whereas the HS has its Tg or melting temperature (Tm) well above the anticipated service

A

CC

EP

temperature of the PU [26, 27].

Figure 2.

The repeat structure of a typical polyurethane. [23], Copyright 2011 Reproduced with permission from
Springer.

9

PU elastomers require highly flexible chains in the SS, achieved both through a composition that
delivers a low degree of intermolecular interactions, and the presence of physical or chemical
crosslinks that prevent sliding of these chains against their neighbors [28]. The crosslinking occurs
via the urethane groups, which link the HS and the flexible SS together by means of both covalent
(chemical) bonds and hydrogen bonds (physical crosslinks) [28]. Urethane groups are known for

PT

their ability to self-associate via hydrogen bonding (through urethane–ester, urethane–ether, and
inter-urethane bonding) [29]. By contrast, hydrogen bonding within the HS enhances crystallization

SC
RI

and, thus, promotes phase separation between the SSs and HSs [30]. Because of their inherent

rigidity as well as this hydrogen bonding, the HSs (either glassy or crystalline) are associated into
hard domains acting as physical crosslinks and as filler particles within the rubbery SS matrix [29].

U

On the other hand, chemical crosslinking can be introduced via tri- or multi-functional constituents

N

(isocyanate, ChEx, and macrodiol) [29].

A

Due to the incompatibility (different polarity and chemical structure) between the HS and SS,

M

phase separation (immiscibility between the HS and SS) occurs in most PUs [29]. The degree of

D

phase separation and domain formation depends on the HS and SS nature and sizes, the type of the

TE

diisocyanate and macrodiol used to produce prepolymers, the type of the ChEx, and the molecular
mass (M) of the SS. Phase separation is also influenced by the hydrogen bond formation between the

EP

urethane linkages, the manufacturing process, and the reaction conditions. In particular, annealing
favors stronger hydrogen bonding and increases the PU melting point as it leads to greater uniformity

CC

of the polymer network [29].

In the following subsections, different macrodiols, isocyanates and ChEx, especially those

A

involved in the discussion of PU degradation and stabilization in this review, are presented.

10

2.2. Macrodiols
The final PU structure depends largely on the macrodiol used, which reacts with the isocyanate
initially during the PU synthesis to form the flexible segments [24]. The macrodiols used for
manufacturing PU elastomers typically include those with a main chain formed from polyesters,
polyethers, or polyalkyls (Error! Reference source not found.), for which the Tg’s are below room

PT

temperature (Tg = −70 °C to −30 °C), and are low-melting-point solids or liquids [31, 32]. Mixed

SC
RI

copolymer diols containing polyethers and/or polyesters have also been used to form the SS [23].
Polycarbonate (PC) has also been reported for the synthesis of PU elastomers, particularly for

biomedical applications [33-40]. To prepare elastomeric materials, the PC diols used are normally

U

aliphatic with long hydrocarbon chains between carbonate groups, such as poly(hexamethylene

N

carbonate) (PHMC) and poly(1,6-hexyl-1,2-ethyl carbonate) (PHEC) diols (Error! Reference

A

source not found.). In contrast, the most common bisphenol A (BPA)-based PC has a high Tg

M

(147 °C), and thus is not suitable for making PU elastomers. Also, importantly, this type of PC

A

CC

EP

TE

D

shows unsatisfactory photo- [41, 42], thermal [43, 44], and hydrolytic [43, 45] stability.

11
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Figure 3.

Typical macrodiols used in polyurethane elastomer synthesis. The telechelic polyisobutylene diol is a
form of polyisobutylene diol synthesized from 1-tert-butyl-3,5-bis(2-chloropropan-2-yl)benzene and
isobutylene. [46].

12

Error! Reference source not found. shows some commercial PU elastomers synthesized using
different macrodiols, especially for biomedical applications. These commercial products will be
referred to in the following sections.

PT

[Insert Error! Reference source not found. here]

SC
RI

Generally, polyester-based materials are selected for high strength, and tear, chemical and heat
resistance. In contrast, polyether-based materials are selected for low-temperature flexibility, high

humidity conditions, and resistance to attack by fungi and bacteria [47-49]. Segregation occurs to a

U

higher degree in the polyether-based elastomers than in the equivalent polyester-based samples [50].

N

In other words, phase mixing is greater in poly(ester-urethane)s (PEsUs) than poly(ether-urethane)s

A

(PEtUs). This is because urethane NH-ester carbonyl hydrogen bonds are stronger than urethane

M

NH-ether oxygen bonds, as the ester carbonyl group has higher polarity [23, 31]. With the weaker
interchain forces, polyether PUs have inferior physical properties [51, 52], although they possess a

D

superior hydrolytic stability [31, 52-54]. The Tg values of PEsUs are also higher than those of PEtUs

TE

[52]. Polycaprolactone (PCL) polyesters are considered to be a good compromise, since they allow
for elastomers to be synthesized that have both excellent physical properties and hydrolytic stability.

EP

Poly(carbonate-urethane)s (PCUs) based on PHMC also display a higher degree of phase mixing

CC

compared to PEtUs [55]. The rigidity of carbonate chains also contributes to the increased (although
less elastic) mechanical properties and hydrolytic stability compared with PEtUs [56].

A

Polybutadiene (PB) also offers superior hydrolytic stability to polyesters. Nonetheless, PB is soft
and results in PUs with poorer mechanical properties [57-61]. PB is also thermally oxidizable (unless
hydrogenated) [62].
Poly(isobutylene-urethane)s (PIBUs) are promising, especially for biomedical applications, due
to their hydrolytic and oxidative stability [46, 63-82]. However, the complexity of, and associated
13

high costs for, the synthesis of hydroxyl-terminated polyisobutylenes PIBs have significantly limited
their large-scale exploitation [71].
The molecular mass (M) of macrodiols has a significant impact on the degree of phase separation

PT

and properties (including Tg) of PU elastomers [23, 31].

SC
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2.3. Isocyanates

Isocyanates represent a class of chemicals that are characterized by high reactivity and versatility.
While isocyanates are capable of undergoing many reactions, their significance is usually in the

U

context of their relationship to PU polymerization and structure [62]. During PU synthesis,

N

diisocyanates are responsible for chain extension and the formation of urethane linkages or a variety

A

of crosslinks by further reaction [24]. The HSs are usually formed by the reaction of a diisocyanate

M

with a glycol or a diamine, although occasionally other ChExs are employed [31]. The properties of
HSs determine the interchain interactions in the elastomers to a large extent and so determine the

D

network structure in these materials [31]. The HSs may act as a reinforcing filler or physical

TE

crosslinking (hydrogen bonding) site [83].

The most important diisocyanates used in PU elastomer manufacturing are shown in Error!

EP

Reference source not found.. These diisocyanates can be divided into two groups based on their

CC

carbon skeletons: aromatic diisocyanates and aliphatic diisocyanates. Aromatic isocyanates are more

A

reactive than aliphatic diisocyanates [29, 84].

14
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Common diisocyanates used in polyurethane elastomer synthesis.

TE

D

Figure 4.

EP

2.4. Chain extenders

While SSs and isocyanates may make up more than 95% of the polymer volume, very often a

CC

low-M (< 400 g/mol) component is added that primarily serves as a spacer between neighboring
polyisocyanates. The low-M diol or diamine that joins diisocyanates together is called the “chain

A

extender” (ChEx) [62]. The ChEx can react with an isocyanate to form the HS, before reaction with a
high-M SS macrodiol [23, 62]. ChExs typically produce urethane or urea-based HSs, which are
highly regular and polar, leading to significant local phase ordering and possibly crystallinity.
Without a ChEx, a PU formed by directly reacting a diisocyanate and a macrodiol generally has very
poor physical properties and often does not exhibit micro-phase separation [23]. Given this, the
15

ChEx structure can have a significant impact on PU properties through its ability to drive phase
separation, to complement or interfere with a regular HS structure, and to promote inter-HS
hydrogen bonding [62, 85].
Some common ChExs are shown in Error! Reference source not found., with 1,4-butanediol
(1,4-BDO) used commonly for elastomer HSs. The ChExs can be categorised into two classes:

PT

aromatic diols and diamines, and the corresponding aliphatic diols and diamines. Aromatic ChExs
have less reactivity than aliphatic ChExs. Diamine ChExs are much more reactive than diol ChExs

SC
RI

[23]. Diol ChExs react with isocyanates to produce urethane groups, whereas diamine ChExs result
in urea groups. In this way, PU or poly(urethane-urea) (PUU) can be respectively obtained [62].
Hydroxyl functional ChExs can also serve as crosslinkers. In contrast, secondary amines offer a

A

CC

EP

TE

D

M

A

N

U

single isocyanate reaction site and the possibility of maintaining melt processibility [62].

Figure 5.

Common chain extenders (diols and diamines) used in polyurethane elastomer synthesis.

16

Triols such as trimethylolpropane [2-ethyl-2-(hydroxymethyl)propane-1,3-diol] (TMP) and
glycerine can be used in combination with diols. However, strength properties, in particular, tear
strength, are reduced [23] when using a higher triol content, while the compression set is decreased
[86]. Increasing the triol content can also result in an increase in the Tg and the elastic modulus above

PT

the Tg through an increase in the crosslinking density [87].

SC
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2.5. Non-isocyanate polyurethanes

Although isocyanate chemistry is the core of traditional PU synthesis, the improper handling of

U

polyisocyanate compounds can cause health issues to exposed PU workers. As a result, there has

N

been a growing interest in non-isocyanate PUs, which can be synthesized from different new routes

A

such as polycondensation, rearrangement, ring-opening polymerization, and polyaddition [88-125].

M

However, most of the non-isocyanate PU systems developed so far do not offer the advantages of
rapid reaction at room temperature from liquid, low-viscosity precursors, industrial viability for both

D

small-scale in-field applications and large-scale industrial applications without generating side-

TE

products, and the ability to form elastomeric materials that have a combination of appropriate
elongation and tensile strength [99, 103]. While a few non-isocyanate PU elastomers have been

EP

reported [94, 96, 98, 99, 109, 111, 113], these new materials have not been fully characterized yet,

A

CC

including their degradation and stability.
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3. Photodegradation and stabilization of polyurethane
elastomers

3.1. Photodegradation of polymers
Photodegradation, in the narrow sense, means photolytic degradation occurring in the absence of

PT

oxygen. Nevertheless, in most cases, oxygen is present, so a common photodegradation reaction is an
oxidation (often referred to as “photooxidative degradation”). In the following text, the term

SC
RI

“photodegradation” is used to refer to photoinduced degradation in the broad sense, involving both
photolytic degradation and photooxidative degradation, with the general mechanisms of
photodegradation of polymers extensively referred to in the literature [126-132].

U

Photooxidative degradation of polymers, which includes such processes as photooxidation, chain

N

scission, crosslinking and secondary reactions, occurs by free radical mechanisms, similar in many

A

aspects to autoxidation that occurs during thermooxidation. The mechanistic steps for autoxidation,

M

relevant to photo- and thermooxidation in various polymers are shown in Error! Reference source

D

not found. [128]. Autoxidation is a free radical-initiated chain reaction, which is slow at the start,

TE

generally associated with an induction period, and accelerated with an increase in the concentration

A

CC

EP

of the resulting peroxides [133-139].
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Mechanistic steps during autoxidation of polymers, relevant to photo- and thermo-oxidation. [128]

TE

Figure 6.

Hydroperoxides are formed in a multi-stage process, where alkyl radicals first react with oxygen

EP

to form peroxy radicals, followed by abstraction of hydrogen from the polymer backbone [133]. The

CC

rate constant for the reaction of most alkyl radicals with oxygen, to form peroxy radicals, is of the
order of 107–109 L·mol−1·s−1 [140]. The subsequent abstraction of a hydrogen, H, by a peroxy radical,

A

POO•, requires the breaking of a C-H bond. This reaction is the rate-determining step in autoxidation,
with the rate of abstraction decreasing in the following order: hydrogen in the α-position to a C=C
double bond (“allyl”) > benzyl hydrogen and tertiary hydrogen > secondary hydrogen > primary
hydrogen [133]. Primary and secondary peroxy radicals are more reactive hydrogen abstractors than
the analogous tertiary radicals [133, 141], with the most reactive species for hydrogen abstraction
19

being acylperoxy radicals [133, 142]. For most common polymers, autoxidation is only propagated
as a result of defect structures, predominantly terminal and internal double bonds, which may be
formed during the original polymerization procedure and/or the degradation process itself [143].
Additionally, transition metal salts, such as stearates (e.g., from manganese, iron, and cobalt) are
shown to be prooxidants for polymers via acceleration of the autoxidation process [144] and

PT

therefore should be avoided in PU compositions for better stability.
In photodegradation, photodissociation of chemical bonds (from the singlet or triplet excited

SC
RI

states) takes place when the received photoenergy exceeds the bond dissociation energy (BDE),

leading to photoinitiation [128, 145, 146]. Both thermal- and photodegradation can also be initiated
through the presence of external free radicals (R•), which are formed from the thermolysis and/or

U

photolysis of impurities, additives, or photoinitiators (often residual hydroperoxides formed during

N

polymer processing) [128, 145, 146]. In contrast to thermooxidation, photooxidation is often limited

A

to reactions at or near the polymer surface where UV radiation can penetrate [126, 147]. Thus, the

M

concentration of oxidation products, such as hydroxyl and carbonyl groups, varies with depth

D

depending on the diffusion of oxygen and degree of UV penetration [148].

TE

Carbonyl groups accumulate as photooxidation proceeds [149, 150], and these intermediates
absorb UV radiation almost four times as efficiently as hydroperoxides [126], and in addition, are

EP

considered to be sensitisers for the induced decomposition of hydroperoxides [126, 149]. Although
other mechanisms for hydroperoxide sensitization have been suggested, this secondary role of

CC

carbonyl groups supports a free-radical, chain-scission mechanism similar to that of thermooxidation
[126].

A

The photochemistry of carbonyl compounds is dominated by Norrish and photo-Fries reactions,

which represent two of the most important reactions in the photodegradation of polymers. Norrish
reactions describe the photochemistry of ketones and aldehydes, and are subdivided into Type I and
II reactions. The Norrish Type I reaction is a photoinitiated carbon-carbon bond cleavage that occurs

20

between the α-carbon and the carbonyl of a ketone or an aldehyde to form an alkyl and an acyl
radical pair. From this reaction, a variety of products can be formed, including alkanes, alkenes,
cyclic acetals, dicarbonyl compounds, and oxetanes [151]. The Norrish Type II reaction is a
photoinitiated intramolecular abstraction of a δ-hydrogen of an excited ketone or aldehyde to
generate a 1,4-biradical, from which different products can form. These products include alkenes,

PT

alkenols, and cyclobutanol [152]. Both types of Norrish reactions are influenced by environmental
and structural factors [151, 152]. Depending on the substrate structure, the Norrish Type I and II

SC
RI

reactions may occur from the excited singlet (S*) or triplet (T*) states; however the triplet state is
much more favored because of its longer lifetime [127, 153].

On the other hand, photo-Fries reactions, or photo-Fries rearrangements, describe the

U

photoinitiated intramolecular rearrangement of phenyl or aryl esters to isomeric acyl phenols or other

N

acyl hydroxyl aromatics via acyl and phenoxy or aryloxy radical pairs [154]. The photo-Fries

A

rearrangement is known to occur via the first excited singlet state [154]. This reaction is affected by

M

the electronic nature of the substrate as well as the reaction environment [154]. Although either

D

ortho- or para-acyl phenols can be generated, the photo-Fries rearrangement produces ortho-acyl

TE

phenols as the major products [154].

The longer the UV ray wavelength range, the faster the photoinitiation rate [146]. UV rays

EP

ranging from 290–320 nm trigger photooxidation by photolysis of hydroperoxides and Norrish
reactions of ketones [146]. α-Diketones derived from further oxidation of the ketones, for example,

CC

initiate photooxidation at a surprisingly higher rate under UV irradiation above 350 nm [146]. UV
radiation in the range between 320–350 nm also participates in photoinitiation of α,β-unsaturated

A

carbonyls (-C=C-CO-) in addition to the above-mentioned oxidation products, as a result of which
the initiation rate is approximately the average between the rates for the above two wavelength
ranges [146].

21

Temperature can alter the kinetics of photodegradation via its effect on the ability of the free
radicals formed to separate, which depends strongly on their mobility in a polymer matrix or solution
[155]. Reactions that can be considered to be associated with caged radicals, such as the photo-Fries
reaction, require very little free volume and can be expected to be quite efficient in solid polymers
below the Tg, whereas photochemical processes such as the Norrish Type II process are generally

PT

substantially reduced in glassy polymers below the Tg [155].
In the following sections, the details of photodegradation mechanisms (involving photo-Fries and

SC
RI

Norrish Types I and II reactions) will be discussed with reference to PU elastomers synthesized with

U

specific macrodiols, isocyanates and ChExs.

M

3.2.1. Photodegradation of urethane linkages

A

N

3.2. Photodegradation of polyurethane elastomers

D

The photodegradation mechanisms for aliphatic and aromatic PUs are different [156]. In this

TE

section, their mechanisms of degradation will be discussed in detail along with factors that affect the

EP

photostability of the urethane groups.

CC

3.2.1.1. Photodegradation of aliphatic urethane linkages
The photodegradation of aliphatic PUs is considered to be similar to that of other polymers such

A

as polyamides (Error! Reference source not found.). The reactions that can occur in aliphatic PUs
during photodegradation are shown in Error! Reference source not found.. Firstly, random chain
scission occurs via a Norrish Type I reaction. This photolytic reaction generates free radicals that
then abstract hydrogen from the methylene (-CH2-) groups, followed by the formation of a polymer
peroxy radical (PO2•) and polymer hydroperoxide (POOH). UV-induced cleavage of POOH leads to
22

the formation of a polymer oxy (PO•) radical, with either β-scission occurring, or the formation of
hydroxyl group (POH) via abstraction hydrogen. Both reactions lead to the formation of alkyl
radicals. Termination via reaction of different radicals (P•, PO•, and PO2•) with each other causes

A

CC

EP

TE

D

M

A

N

U

SC
RI

PT

crosslinking [156].
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Figure 7.

Photodegradation of an aliphatic polyurethane (R• indicates a radical; P•, a polymer radical; PH, a

A

hydrogen-containing polymer). [156]

Wilhelm and Gardette [157] studied the photooxidation mechanism of aliphatic PEsUs and
concluded that long (λ >300 nm) and short (λ = 254 nm) wavelengths of UV irradiation could
introduce different routes of photodegradation. Photodegradation that occurs at wavelengths greater
24

than 300 nm is relevant to terrestrial conditions (typical outdoor exposure), with degradation at 254
nm being relevant only to artificial exposure and conditions experienced in space (above the ozone
layer). Direct homolysis of the urethane linkage was shown to occur at short wavelength (λ =
254 nm), but not at longer wavelengths (>300 nm). Three possible pathways for photoscission were
identified, which involve the homolysis of C-N and C-O bonds (Error! Reference source not

PT

found.). As in the case of polyamides, the scission of C-N bonds leads to the formation of two
radicals (I and II) (Error! Reference source not found.a). Radical I is the precursor of an amine and

SC
RI

radical II evolves by the loss of carbon dioxide, leading to the formation of an alkyl radical (III).

Reaction of radical III with oxygen ultimately leads to the formation of several products, including
carboxylic acids and hydroxylated products, as well as peresters. Scission of the C-O bond leads to

U

radicals IV and II (Error! Reference source not found.b). Radical IV can decarboxylate to form

N

radical V, with the scission of C-C bonds leading to radicals III and VI (Error! Reference source

A

CC

EP

TE

D

M

A

not found.c).

Figure 8.

Photoscissions of the urethane linkage at λ = 254 nm. [157], Copyright 1997. Adapted with permission
from Elsevier Ltd.
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3.2.1.2. Photodegradation of aromatic urethane linkages
The photodegradation mechanism of aromatic PUs is generally much more complex than that of
aliphatic PUs, and the products obtained are difficult to separate and identify, but it has been more
extensively studied [157-164]. Compared to PUs with aliphatic diisocyanates, those with aromatic
diisocyanates are more unstable with respect to light [62]. As shown in Error! Reference source

PT

not found., for either diphenylmethane diisocyanate (4,4′-MDI)- or 2,4-toluene diisocyanate (2,4TDI)-based PUs, the photo-Fries rearrangement of the phenyl group can occur during irradiation

SC
RI

with wavelengths < 340 nm. On the other hand, during irradiation especially with

wavelengths > 340 nm, quinone imides can be formed from the phenyl group. The quinoid structures
are considered to be responsible for the typical yellow coloration observed during photodegradation

U

of aromatic PUs [157-164], although other factors may also contribute to the yellowing such as the

N

photo-Fries reaction [157, 161]. The color change of aromatic PUs can be correlated with

A

photodegradation by a relative increase in the concentration of carbonyl groups [164]. Further

M

irradiation results in the random chain scission of aromatic PUs, mainly by Norrish Type I reactions

D

(Error! Reference source not found.). As for aliphatic PUs, the photooxidative degradation of

TE

aromatic PUs occurs in a very similar manner to that of other polymers such as polyamides (Error!

A

CC

EP

Reference source not found.) [156].
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Figure 9.

Photodegradation of aromatic polyurethanes. [156].

U

At shorter wavelengths, besides the photo-Fries rearrangement, the photoinduced oxidation of

N

aromatic PUs may still occur. However, when aromatic PUs are under UV irradiation at wavelengths

A

shorter than 330–340 nm, the photo-Fries rearrangement may interfere with, and thus inhibit, the

M

photooxidation [165].

Rek and Bravar [159] have studied the UV-degradation mechanism of a PU synthesized from

D

4,4′-MDI and the polyester of adipic acid [hexanedioic acid] and ethylene glycol (EG) [ethane-1,2-

TE

diol], which is shown in Error! Reference source not found.. While initial irradiation led to the

EP

formation of quinoid structures as discussed above, further irradiation resulted in the homolytic
scission of bonds in the urethane groups and the creation of free radicals. The decomposition and

CC

simultaneous recombination of the free radicals are responsible for the creation of the azo (II), amino
(III), and carbodiimide (IV) structures. Along with this, the addition of oxygen to the free radical

A

gives hydroperoxides, the decomposition of which leads to a carbonyl-containing structure (I).
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Photoscission of an aromatic urethane linkage. [159].

D

Figure 10.

TE

3.2.1.3. Factors affecting the photostability of the urethane linkage

EP

The photostability of some common PUs follows the order: 4,4′-MDI < 2,4-TDI <
hexamethylene diisocyanate (HDI) [156, 162]. Due to their aromatic isocyanate structures, which are

CC

responsible for the formation of quinoid chromophores that are the main causes of yellowing, 4,4′MDI- and 2,4-TDI-based PUs can experience rapid yellowing during photoageing. Good

A

weatherability of PUs can be hindered by aromatic ring structures, and entirely aliphatic
polyisocyanates have been developed for better photostability [23, 62]. PUs based on HDI and 4,4′dicyclohexylmethane diisocyanate (4,4′-H12MDI), which are aliphatic isocyanates, show less or no
coloration under UV exposure [162, 166]. In a patent [167] describing non-yellowing PU adhesives,

30

it was claimed that the isocyanate compound used can essentially be any nonaromatic, cyclic or
linear aliphatic organic isocyanate compound having an isocyanate functionality of two to four,
preferably from two to three.
For aromatic PUs, an increase in the HS content (by means of increasing the diisocyanate and
ChEx content, or decreasing the macrodiol M can reduce the photodegradation efficiency [168]. In

PT

particular, the extent of photodegradation is inversely dependent on the degree of hydrogen bonding
in the aryl carbamate groups in the PU backbone [168].

SC
RI

It has been proposed that the limited local mobility resulting from an increased HS content might
inhibit the diffusion of oxygen for the photooxidation of PUs [168]. The flexibility of the HSs can be
adjusted by altering the length of ChEx used, the crystallinity, and the temperature during

U

photoageing. The photodegradation of aromatic PUs will become less efficient with the use of

N

shorter ChExs, higher crystallinity of the HSs (which can be achieved by annealing), and a

A

temperature that is below the Tg, all of which can decrease the flexibility of HSs [169, 170]. Again,

M

the increased stiffness and crystallinity of the polymer chains may inhibit the oxygen diffusion that is

D

required for photooxidation.

TE

In segmented PUs, the interaction between HSs and SSs makes both the crystallinity and the
hydrogen bonding in HSs decrease. Therefore, elastomeric PUs, which have a segmented structure,

EP

are more prone to photooxidation than non-segmented PUs (which are prepared simply by reacting a
diol and a diisocyanate) [171].

CC

The photostability of urethane linkages can be affected by that of SSs (discussed further in the
next section), with the magnitude of the photooxidation of the urethane linkage being higher in

A

PEtUs than in PEsUs [171]. This is due to the highly oxidizable ether group being able to induce
photooxidation of the urethane group. In addition, Wilhelm et al. [161] found that the yellowing that
results from the formation of quinoid structures is increased as the polyether content increases. This
is because the numerous radical species formed by the oxidation of the polyether segments can
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induce oxidation of the aromatic urethane segments by hydrogen abstraction on the central
methylene carbon atom of 4,4′-MDI [161].

3.2.2. Photodegradation of the macrodiol component (soft segments)

PT

In this section, the photodegradation mechanisms of different types of SSs will be discussed.
These include polyester-, polyether-, and PB-based macrodiols, which are common macrodiols used

SC
RI

for the synthesis of PU elastomers. PIB-based macrodiols will also be discussed, considering their

saturated chemical structure in comparison with the unsaturated backbone of PB, which makes them
promising for the preparation of PUs with better photostability. Other factors that influence the

A

N

U

photostability of the macrodiol component will also be discussed.

M

3.2.2.1. Photodegradation of polyester soft segments

Polyester SSs are rather photostable, and thus the oxidative degradation of PEsUs mostly results

D

from the oxidation of the urethane segments (especially those based on aromatic diisocyanates) [161].

TE

However, Wilhelm and Gardette [157] found that UV irradiation, especially at a short, non-

EP

terrestrially relevant wavelength (λ = 254 nm), can provoke the decarboxylation of the polyester
segments of an HDI-based PEsU as shown in Error! Reference source not found.. In a study of the

CC

photodegradation (λ = 300 nm) of a PU synthesized from poly(ethylene adipate) (PEA) diol (M =
2000) and 4,4′-MDI with 1,3-butanediol (1,3-BDO) as the ChEx, alkene group-containing products

A

were found from the decomposition of the aliphatic ester structure, which may be due to Norrish
Type II reactions (Error! Reference source not found.) [163, 164].
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Figure 11.

Chain scission of polyester segments in polyurethanes during photodegradation at short UV

Figure 12.

SC
RI

PT

wavelength (λ = 254 nm). [157].

Chain scission of the aliphatic ester structure during polyurethane photoageing. [164], Copyright 2009

U

Adapted with permission from Elsevier Ltd.

N

3.2.2.2. Photodegradation of polyether soft segments

A

Polyether SSs are very sensitive to photochemical oxidation. The photodegradation of PEtUs can

M

lead to a complete loss of all of the infrared absorption bands from both the ether groups and the
products formed by photooxidation of the ether groups [172], with the final degradation products

D

being low-M substances such as ethylene, formates, and carboxylic acids [172, 173].

TE

The photodegradation of poly(tetramethylene ether) glycol (PTMEG) in PUs has been carefully

EP

studied by Wilhelm et al. [161, 172], with the related mechanism shown in Error! Reference source
not found.. According to their studies, the photoinduced oxidation of PTMEG leads to the formation

CC

of secondary hydroperoxides. The decomposition of these hydroperoxides results in the formation of
an alkoxy radical (I). The main route of decomposition of this radical (I) is a β-scission reaction,

A

which leads to the formation of formates and an alkyl radical (II) (Error! Reference source not
found.(A)).
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Photodegradation of polyether segments of polyurethanes. [172], copyright 1998. Adapted with

D

Figure 13.

TE

permission from Elsevier Ltd. Also with reference to [161].

The oxidation of radical II could lead to primary hydroperoxides, which can be further oxidized

EP

into carboxylic acid and aldehydes. A different route of decomposition of the alkyl radical (II) is a β-

CC

scission reaction, involving the homolysis of C-C bonds. This scission reaction leads to the formation
of ethylene and another alkyl radical (III). This radical (III) may be oxidized to give a formate

A

(Error! Reference source not found.(B)).
The formates formed from different routes can then be oxidized by reactions involving an initial

hydrogen abstraction on a methylene group α to oxygen. This leads to the formation of a secondary
peroxide, which can be decomposed into an alkoxy radical (IV). The decomposition of the radical
(IV) by homolysis of the C-C bond in a β-scission process leads to a primary alkyl radical (V) and
35

regenerates a formate. The radical (V) can then decompose by a β-scission reaction, which produces
in turn ethylene and methyl formate. The radical (V) can also decompose by an internal cyclization
that gives a γ-lactone (Error! Reference source not found.(C)).
Another route for the decomposition of the alkoxy radical (I) leads to the formation of
hemiacetals, which can be oxidized into a carboxylic acid (Error! Reference source not found.(A)).

3.2.2.3. Photodegradation of polybutadiene (PB) soft segments

SC
RI

PT

This route is considered to be the dominant pathway for the formation of carboxylic acid.

PB and its copolymers are very susceptible to oxidative degradation owing to the unsaturated

U

(alkene) character in their structural units (Error! Reference source not found.) [174-178]. Besides

N

the sensitivity of double bonds as a primary UV absorption site as discussed before, the relatively

A

high instability of PB is also attributed to the low dissociation energy of C-H bonds of allylic

M

methylenes (Ed = 350 kJ·mol−1), compared to those in most saturated hydrocarbons, which are more

Polybutadiene structural units

CC

Figure 14.

EP

TE

D

than 380 kJ·mol−1 [174].

A

Mechanistic studies [179] have shown that oxidative degradation of PB starts from hydrogen
abstraction via radical attack, and ultimately leads to the formation of α,β-unsaturated carbonyls
(Error! Reference source not found.). In this way, hydroperoxides and many intrinsic
chromophores are formed (such as unsaturated ketones). While the reactions of 1,2-vinyl units differ
from those of the 1,4 units, hydroperoxide formation occurs at the tertiary carbon, which is the most
36

reactive of the four carbons in each monomer unit. β-Scission of the subsequent alkoxy radical is
believed to be the major chain scission process. This mechanism of initial oxidation of PB applies to
both thermal and photooxidative degradation. However, UV exposure can lead to subsequent
photolysis of the α,β-unsaturated carbonyls formed throughout degradation, with these being the
main chromophores in the degraded PB capable of absorption in the terrestrial solar region, in

PT

addition to hydroperoxides. Some related typical photoreactions are shown in Error! Reference
source not found.C, with the formation of saturated acids as an example. Due to the differences

SC
RI

between thermal and photooxidative degradation, α,β-unsaturated carbonyls are the major products
of thermooxidation, whereas saturated aldehydes are the predominant products after photooxidation
[179, 180]. During the photodegradation of PB, competition between crosslinking and chain scission

U

occurs, with crosslinking due to reaction between vinyl groups and chain scission mainly occurring

A

CC

EP

TE

D

M

A

N

during the formation of ketones and Norrish Type I reactions [181].
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Figure 15.

Mechanism of photooxidation of polybutadiene: (A) vinyl unit; (B) cis- and trans-1,4 units; (C)

D

subsequent photoreaction of carbonyls. [179], Copyright 1974. Adapted with permission from Elsevier

TE

Ltd.

EP

Based on evidence from reaction kinetics, Adam et al. [181, 182] have suggested that the rate of
photooxidation of highly trans- or cis-1,4-PB is five times higher than the rate of photooxidation of

CC

1,2-vinyl PB. In PBs with mixed chemical structures, the rate of photooxidation has been inversely

A

correlated with the 1,2-vinyl content [181]. The different rates of reaction of the monomer units can
lead to different photooxidation behavior. For PB with a high 1,2-vinyl unit content, the
photooxidation rate is low, and passivation via the creation of an outer layer of shield material
through photooxidation of the base material, which retards further oxidation does not occur. In other
words, the PB remains a homogeneous reactor whose oxidation is not limited by oxygen diffusion.
40

Oxidation proceeds in the core of the material and leads to chain scission [181, 182]. In contrast, in
the case of PB containing a high concentration of 1,4-double bonds, the photooxidation rate is high,
and passivation via extensive oxidation and crosslinking of the surface layer during the early period
of exposure is rapid. The bulk of the sample remains unmodified if the passivation is not removed
(mechanically, for example) [181, 182]. As the crosslinking of the network limits the diffusion of

PT

oxygen, photolysis (without oxygen) of the photooxidation products that formed during initial
oxidation (e.g., α,β-unsaturated carbonyls) can occur resulting in the formation of various

SC
RI

compounds such as saturated carboxylic acids and α,β-unsaturated anhydrides [180].

According to Bussière et al. [183], while photodegradation results in both chain scission and
crosslinking, PB is more sensitive to crosslinking than is polyisoprene (PIP). PB undergoes

U

crosslinking reactions early and before the formation of oxidized products, whereas PIP has an

N

induction period during which no crosslinking is detected despite the formation of carbonyl groups

A

[183]. Oxidation-induced crosslinking of PB is the main factor that changes the material properties,

D

M

as seen by the substantial increases in storage modulus and Tg [184].

TE

3.2.2.4. Photodegradation of polyisobutylene (PIB) soft segments

EP

PIBUs show greater oxidative resistance compared to poly(butadiene-urethane)s (PBUs) [185],
which can be ascribed to the saturated structure of PIB. The UV resistance of PIB is even greater

CC

than other aliphatic polymers such as polypropylene (PP) [186]. The mechanism of photodegradation
of PIB is shown in Error! Reference source not found. [186]. Initially, carbon-carbon bond

A

scission in the main chain gives two end radicals. Also, there is scission of a carbon-carbon bond in a
side group, giving a polymer alkyl radical and a methyl radical (Error! Reference source not
found.a). The methyl radical abstracts hydrogen from the polymer molecules producing new
polymer alkyl radicals and methane (Error! Reference source not found.b). Then,
disproportionation reactions are further responsible for chain scission followed by the increasing
41

unsaturation content (Error! Reference source not found.c). Meanwhile, the methyl radical can
abstract hydrogen from a methyl group, also forming unsaturated structures (Error! Reference
source not found.d). Chain scission reactions are accompanied by the crosslinking reactions
resulting from the termination reactions of different radicals [186]. By studying the accelerated
photoageing of PIB in conditions relevant to natural weathering, Gonon et al. [187] suggested that

PT

the oxidative degradation of PIB can be explained in terms of induced oxidation. They proposed that
temperature has no influence on the mechanism of formation of hydroperoxides but only on their rate
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of formation, and consequently on the mechanism of their decomposition [187].
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Figure 16.

Photodegradation of polyisobutylene [186].
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3.2.2.5. Photodegradation of polycarbonate (PC) soft segments
The photodegradation of BPA-based PCs dominates the literature in this area [41, 42, 156, 188197] since they are prone to photodegradation, with multiple mechanisms of degradation occurring
within terrestrial UV wavelengths. However, as previously discussed, these types of PCs are not

PT

relevant for the synthesis of PU elastomers and there has been limited research on the

SC
RI

photodegradation of non-BPA poly(carbonate-urethane)s (PCUs). One study showed that PUs based
on a commercial polyhexamethylene-polypentamethylene carbonate diol (Eternacoll® PH50) have

U

excellent UV resistance (during up to 200 h in standard weathering tests) [198].

N

3.2.2.6. Additional Factors that affect the photodegradation of soft segments.

A

Longer polymer chains are more susceptible to oxidative attack and chain rupture than shorter

M

chains due to the statistically higher probability of longer chains undergoing chain scission [127].

D

Supporting this, it has been found for PEtUs that the higher the M of polyether, the more rapid is the

EP

TE

UV-degradation of polyether in the PU [161].

CC

3.2.3. Effect of photodegradation on the properties of polyurethane elastomers
The most apparent changes of PUs under photoageing are associated with the surface appearance

A

and mechanical properties. As discussed before, photodegradation may result in yellowing of
aromatic PUs, mainly due to the formation of quinoid structures by photo-Fries rearrangements.
Photodegradation can also cause surface gloss loss, increased surface roughness, and the appearance
of microcracks and/or blisters [163, 199-202]. These surface changes could be due to embrittlement
as a result of increased crosslinking [200, 201], and the formation of hydrophilic photoreaction
44

products, which can lead to absorption of water to form osmotic cells [199]. On the other hand, the
competition between chain scission and crosslinking mechanisms may cause the tensile strength and
Young’s modulus to first decrease and then increase with irradiation time [200], while
photodegradation was also observed to result in reductions in elongation at break [203] and tear
strength/energy [204, 205].

PT

Rosu et al. [163] studied the influence of polychromatic light (λ > 300 nm) on the surface of a PU
based on 4,4′-MDI, PEA diol, and 1,3-BDO as the ChEx. The formation of photo-Fries
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rearrangement and Norrish Type II reaction products during irradiation was associated with gloss
loss, increased surface roughness, and a change in surface wettability (with the contact angle first

decreasing and then increasing) (Error! Reference source not found.). There were also significant

U

modifications with irradiation time for both Tg (firstly increasing and then decreasing) (Error!

N

Reference source not found.) and the swelling coefficient (firstly slightly decreasing and then

A

increasing) (Error! Reference source not found.). The changes in the surface wettability, swelling

M

coefficient and Tg could be influenced by multiple factors such as the polarity, photo-crosslinking,

D

surface roughness, and M. The initial decomposition of saturated ester structures could decrease the

TE

polarity while the formation of chemical products with high polarity could result from photo-Fries
rearrangements or from photooxidative reactions, which influence the wettability and swelling

EP

coefficient. In addition, while the photoinduced crosslinking increases inter-chain interaction and
increases Tg, the decrease in M could explain the decrease in Tg and the increased transition range

A

CC

(between the onset and conclusion temperatures) with even longer irradiation time.

[Insert Error! Reference source not found. here]
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Figure 17.

Change in swelling coefficient (Q) as a function of irradiation time. Q (%) = [(Ws − W0)/W0] × 100,
where W0 is the weight of the dry film, and Ws is the weight of the film after swelling. [163],

U

Copyright 2009. Reproduced with permission from Elsevier Ltd.

N

Nakatani et al. [206] reported that the irradiation time dependence of the crystallization behavior

A

was different between PTMEG-based PU samples with different SS chain lengths (prepared by

M

adjusting the M of PTMEG). The shorter SSs crystallized more readily during UV-ageing, leading to
a reduced amorphous content in the PU. For samples with PTMEG of higher M, photoinduced

D

crosslinking dominated, which decreased the mobility of the SSs [206]. These changes in

TE

crystallinity and chain stiffness of PUs during photodegradation undoubtedly influence the material

EP

properties such as mechanical properties. According to Govorčin, Bajsić and Rek [49], UV-induced
crosslinking may also contribute to the observed higher thermal stability of PU elastomers (of both

CC

polyester and polyether types) during thermal decomposition as assessed using thermogravimetric

A

analysis (TGA).
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3.3. Stabilization of polyurethane elastomers against photodegradation
by polymer modification
As discussed in Section 3.2, the photostability of PUs largely depends on the material chemistry.
Generally, PEsUs are more stable under photoageing than PEtU, and aliphatic PUs display better

PT

light-stability than aromatic PUs. On the other hand, to the extent that labile or photosensitive groups
can be replaced by less reactive groups (bonds with a higher BDE or non-chromophore groups),
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improved resistance to photodegradation will result [207]. For example, PUs with saturated

hydrocarbons have better photostability than unsaturated hydrocarbon materials. Typically, PBUs
have poor oxidative stability due to the unsaturated groups in PB. However, hydrogenated PB diols

U

represent a new class of polyhydroxylic hydrocarbon diols, which are more resistant to oxidation due

N

to the absence of double bonds [208-214]. For example, Zou et al. [215] synthesized a hydrogenated

A

HTPB–acrylonitrile copolymer-based PU elastomer, with improved mechanical properties, thermal

M

stability, and oxidative resistance. Nevertheless, reports on the use of hydrogenated PB in the
synthesis of PUs have been extremely limited, probably due to the high cost of starting materials. In

D

addition to the high material cost, hydrogenation could increase the Tg of PB, which could limit the

TE

applicability of hydrogenated HTPB-based PU elastomers in some situations [215]. Alternatively,

EP

PIB can also be used as a replacement macrodiol for PB for PU synthesis [46, 63-82]. However, the
complexity of, and associated high costs for, the synthesis of hydroxyl-terminated PIB macrodiols

CC

have greatly limited their large-scale exploitation [71].
Alternatively to replacement of PU components, the inclusion of a linear PU in a crosslinked

A

epoxy resin to form semi-interpenetrating networks could be a way to improve the photostability of
PUs [216]. Polymers with a higher degree of crosslinking could also display greater resistance to
photooxidation [217]. The crosslinking could be either physical (hydrogen bonding) and/or chemical
(covalent bonding) [217]. Due to the formation of hydrogen bonding, interchain distances are
reduced (“pulling effect”). This may reduce the oxygen permeability and thus restrict photooxidative
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reactions [217]. Strong hydrogen bonding could be obtained in the HS domains when aromatic
diisocyanates are used [31] (although aromatic diisocyanates are more photo-labile than aliphatic
diisocyanates). Hydrogen bonding between HSs can also be promoted by using isocyanates
(especially symmetric isocyanates) with higher polarity, and/or using ChExs that are linear, longer
and more flexible and/or have higher polarity and/or an even number of carbon atoms. A greater

PT

degree of hydrogen bonding may also be achieved by chemical modification. For example, according
to Malkappa and Jana [218], modification of HTPB through the attachment of dinitrobenzene (DNB)
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groups could allow an additional hydrogen bonding network to be formed between DNB and the

urethane backbone, leading to supramolecular crosslinking. On the other hand, chemical crosslinking
can be realized by using macrodiols, isocyanates, or ChExs that are tri- or multi-functional.

U

Crosslinked PU-acrylate elastomers have been shown to be remarkably resistant to UV degradation

N

[156, 219], which is in part due to their inherent resistance to photochemistry, but also may be due to

M

system compared to non-crosslinked materials.

A

the greater number of chain scissions required to reduce mechanical properties in a crosslinked

D

Crystallinity is also important in determining the photostability of PUs [217]. The crystalline

TE

structure imposes constraints on chain and therefore radical mobility and the diffusion of oxygen to
these radicals [217]. Unless the photoenergy is sufficient to cause a local increase in temperature and

EP

melting of the crystal lattice to provide the necessary free volume, it is unlikely that photochemical
processes, particularly those requiring large rearrangement of molecular structure, can occur

CC

efficiently in crystalline regions of a polymer [217]. The presence of crystalline regions (which, in a
sense, behave similarly to a chemical crosslinker) restricts the mobility of the chain segments in the

A

noncrystalline regions. This will have an effect on radical recombination processes [217]. Therefore,
increasing the crystallinity could be a viable means to enhance the photostability of PUs, and this
may be achieved by annealing [220-222], or by using certain isocyanates [31] and/or ChExs [62, 85]
that increase hydrogen bonding.
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However, such obvious approaches as incorporating bonds of a higher BDE, developing
structures that would be more crystalline, or avoiding branching in the molecules usually results in
the loss of other important properties as well as dramatically increased costs [207, 223, 224].
Alternatively, the addition of additives in small amounts could be more viable for enhancing the
photostability of PU materials with minimal variation to their original properties. The different

SC
RI

PT

additives/stabilizers for photostability enhancement are discussed in the next section.

3.4. Stabilization of polyurethane elastomers against photodegradation

U

using stabilizers

N

The use of different additives/stabilizers in PUs (and various polymers) to enhance photostability

A

has been widely reported, with there being three general approaches [207]:

M

a) blocking or screening out the incident radiation (light screens),
b) the use of additives that preferentially absorb damaging radiation and dissipate the energy

D

in a harmless way (including UV absorbers), and

TE

c) the use of additives that deactivate reactive species or intermediates in the polymer as it

EP

undergoes degradation (including radical traps such as hindered amines, quenchers such
as organometallic complexes, and hydroperoxide decomposers).

CC

The possibilities available for the inhibition of photoinduced degradation are shown in Error!
Reference source not found. [133]. Through the use of suitable UV absorbers incorporated into the

A

polymer, penetrating light is absorbed and rapidly deactivated by, for example, transforming it to
thermal energy by radiationless processes. These processes compete with the light-induced reactions
of the polymer such as photolysis of hydroperoxides, Norrish Types I and II reactions, or photo-Fries
rearrangements [133]. Quenchers deactivate excited chromophores such as carbonyl groups, with the
excited chromophores being efficient sensitizers for the photolysis of hydroperoxides [133].
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General scheme of inhibition of photooxidation. “[Ch]” represents a chromophore and “[Ch]*”

N

U

indicates an excited chromophore. [133], Copyright 1988. Adapted with permission from Springer.

A

In principle, the scavenging of primary macroalkyl radicals, R•, would immediately stop

M

autoxidation. However, as the rate of reaction of molecular oxygen is so high (~107–109 L·mol−1·s−1),
this reaction can hardly be avoided. Only under oxygen-deficient conditions can the use of alkyl

D

radical scavengers contribute significantly to the stabilization of a polymer. In this case, such

TE

stabilizers are referred to as chain-breaking acceptors (CB-A). After peroxy radicals are formed,

EP

chain-breaking donors (CB-D), which are the predominant type of radical scavengers, are effective
in inhibiting further reactions [133]. Scavenging of the RO• and HO• radicals, which are far more

CC

reactive than peroxy radicals, ROO•, is not practically possible by using radical scavengers. For this
reason, to avoid chain branching during autoxidation (Error! Reference source not found.),

A

hydroperoxide decomposers are used as co-stabilizers, as these compounds decompose
hydroperoxides to form “inert” reaction products [133]. CB-Ds and CB-As are also referred to as
primary antioxidants, while hydroperoxide decomposers are classified as secondary antioxidants
[133].
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Photostabilizers used for polymers are extensively discussed in the literature [27, 131, 133, 134,
138, 139, 207, 225-247], with a list of the most important photostabilizers for PUs found elsewhere
[129, 240]. It is important to note that these photostabilizers may affect other significant physical
properties that are also important for some specific applications, such as thermal properties,
mechanical strength and color translucency. For example, PUs could show a higher Tg with a higher

PT

content of an inorganic UV absorber such as CeO2 [248]. In recent years, various nanoantioxidants
have been developed for diverse applications [249]. However, these nanomaterials have not been

SC
RI

applied to the stabilization of bulk polymers including PUs.

In the following sections, typical photostabilizers that can be used for enhancing the UV stability
of PU elastomers are discussed. While examples may be sourced from the literature that are focused

U

on wider categories of polymers, the associated UV-protection mechanisms still apply to the design

M

A

N

of stabilized PU elastomers.

D

3.4.1. Light screens

TE

A light screen forms a shield between the polymer and the radiation source [207]. Generally,
darker pigments provide more protection [207].

EP

Many organic pigments can be used as light screens, and include azo, anthraquinone and
thioindigo compounds, quinacridones, isoindolinones, perylenes, dioxazines, and phthalocyanines

CC

[27]. However, carbon black (CB) is the most effective of all light screens, particularly for extended

A

outdoor applications, and may also function in other means as a UV absorber (Section 3.4.2.2),
radical scavenger (Section 3.4.3), and/or a quencher (Section 3.4.5)). When CB is properly dispersed
in a polymer, UV radiation reaches only the surface layers and there is very little penetration beyond
the immediate surface. No other photostabilizer can retard photodegradation as effectively as CB
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[207]. The only issue restricting the more general use of this stabilizer is the color that it introduces
into the polymer [207].
The photostability imparted by CB depends upon its particle size (usually as given by primary
particle size, 10–100 nm, which is the size of the smaller particles that further form aggregates on a
larger scale), concentration, and degree of dispersion in the polymer [250-252]. Small-particle-size

PT

CB has a positive influence on the polymer photostability [252, 253]. UV absorption increases until a
size of 20 nm is reached, with a further decrease in particle size leading to levelling off of absorption
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[254, 255]. Good dispersion and dilution quality are also essential for maintaining photostability

[252, 255]. Poor dispersion results in larger agglomerates, which have a tendency to scatter UV light
rather than absorb it [254, 255]. Higher loadings of CB offer a greater degree of UV protection, but

U

only up to the level of opacity. Adding CB above this level will not significantly improve UV

M

A

N

resistance. CB contents of 2 to 3 wt.% are generally sufficient for most polymer systems [255, 256].

D

3.4.2. UV absorbers

TE

Most polymers are sensitive to UV radiation in the wavelength region between 300 and 360 nm
[257]. Individual polymers absorb and are degraded by UV within a much narrower region, often

EP

referred to as their activation spectra maxima [257]. For aromatic PUs, the activation spectra maxima
vary between 350–415 nm [257]. For effective protection, a UV absorber should either absorb

CC

radiation over this broad region or have a peak absorption corresponding to the activation spectra

A

maximum of the polymer to be protected [207]. Dobashi and Ohkatsu [146] has suggested that UV
absorbers should be judged based on their absorption maxima (λmax) rather than extinction coefficient
(ɛ) because photoinitiation occurs more rapidly at longer UV wavelengths.
There are a number of organic and inorganic UV absorbers that have been used in a range of
polymers, and these are discussed in the following sections. A good UV absorber should be able to
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transform the absorbed UV into less harmful energy, which will not lead to polymer degradation
[207].

3.4.2.1. Organic UV absorbers
The most common UV absorbers are low-M derivatives of o-hydroxybenzophenone, o-

PT

hydroxybenzotriazole, or o-hydroxyphenyl salicylate (Error! Reference source not found.) [207].

SC
RI

For example, 2,4-dihydroxybenzophenone [(2,4-dihydroxyphenyl)-phenylmethanone] has been
found to be effective for retardation of the photodegradation of PUs [258]. Some examples of

derivatives of o-hydroxybenzotriazole that have been used for PUs include Tinuvin® 384-2 [octyl 3-

U

[3-(benzotriazol-2-yl)-5-tert-butyl-4-hydroxyphenyl]propanoate] [259], Tinuvin® 326 [2-tert-butyl-

N

6-(5-chlorobenzotriazol-2-yl)-4-methylphenol] [258], Tinuvin® 327 [2,4-di-tert-butyl-6-(5-

A

chlorobenzotriazol-2-yl)phenol] [260, 261], and Tinuvin® 1130 [methyl 3-[3-(benzotriazol-2-yl)-5-

M

tert-butyl-4-hydroxyphenyl]propanoate] [262]. A typical hydroxyphenyl-s-triazine-type UV absorber
is Tinuvin® 400 [6-[2,6-bis(2,4-dimethylphenyl)-1H-1,3,5-triazin-4-ylidene]-3-(3-dodecoxy-2-

A

CC

EP

TE

D

hydroxypropoxy)cyclohexa-2,4-dien-1-one] [263].
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Figure 19.

Structures of derivatives of o-hydroxybenzophenone, o-hydroxybenzotriazole, and hydroxyphenyl-s-
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triazine, which are used as UV absorbers.

Excited-state intramolecular proton transfer (ESIPT) is commonly accepted as the mechanism
responsible for energy dissipation in organic UV absorbers [133, 207, 235, 264]. More specifically,

U

organic UV absorbers can undergo reversible keto-enol tautomerism upon UV radiation or by the

N

release of heat [133, 207, 235, 265-267]. The nature of substituents on the aromatic ring influences

A

the extent to which this keto-enol isomerism contributes to photostabilization [27, 207].

M

The prices of phenyl esters of benzoic acid are relatively low, which makes them popular for

D

practical use [27]. However, it is noteworthy that these phenyl UV absorbers may yellow on

TE

exposure to UV light, as they are subject to photo-Fries rearrangements [27]. Tris-o-hydroxyphenyls-triazines are extremely lightfast, but are inherently yellow and are of insufficient compatibility in

EP

most polymers [268]. Better suited are asymmetric s-triazines with at least one of the three

CC

substituents being nonaromatic [268]. However, due to their inherent color, these UV absorbers may
not be suitable for colorless and transparent polymer materials that require color stability [27].

A

An alternative aminophosphazene UV absorber has been synthesized by Huang et al. [269], with
the structure having a rigid phosphazene core and flexible alkoxy shell. They found that molecular
dispersion of this aminophosphazene along with sodium montmorillonite (MMT-Na+) enhanced the
UV stability of a 4,4′-MDI/polypropylene glycol (PPG)-based PU. It was proposed that the
aminophosphazene could act effectively as a UV absorber due to an energy dissipation mechanism
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similar to organic UV absorbers. Moreover, due to the aminophosphazene having a sterically
hindered amine group (further discussed in Section 3.4.3), this stabilizer could additionally function
as a free radical scavenger [269].
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Two possible mechanisms for the UV resistance provided by aminophosphazene. [269], Copyright
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2012. Reproduced with permission from Elsevier Ltd.

CC

Besides the inherent stability of organic UV absorbers, another limitation of these
photostabilizers in providing long-term protection of polymers is associated with their low M (i.e.,

A

they are usually volatile), which causes them tend to migrate out of the bulk material [270-272].
These factors are contributors to organic UV absorbers underperforming when compared to
inorganic UV absorbers. Some strategies to improve performance by restricting the migration of
organic UV stabilizers are discussed in Section 3.4.7.
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3.4.2.2. Inorganic UV absorbers
While the principal role of CB for photo stabilization is as a light screen, its ability to absorb UV
warrants its inclusion in the category of UV absorbers. CB converts absorbed energy into heat by an
essentially physical process [207], although the mechanism of action of CB via absorbed energy is
not well established [235]. It is known that CBs of smaller particle sizes have better absorption and

PT

give better protection to polymers [273]. In addition, volatiles on the surfaces of CB particles consist
of a complex mixture of chemisorbed, oxygenated groups that may also be chromophores, that also
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contribute to UV absorption [254]. However, a high volatile content might adversely affect the

photostability of polymers [253]. Very similar to CB, carbon nanotubes (CNTs) may also act as UV
absorbers, but the absorbed energy may significantly increase the local temperature, which can make

U

CNTs act as a prodegradant [274]. The heat generated by CB or CNTs after UV absorption could

A

provide adequate thermal protection [207].

N

possibly contribute to the thermooxidation of polymers. Thus, antioxidants may be required to

M

Besides CB, semiconductors such as zinc oxide (ZnO), titania (TiO2), ceria (CeO2) and silica

D

(SiO2) are important inorganic UV absorbers [261, 275-278]. Inorganic oxides are nonvolatile,

TE

nonmigratory, and light, thermally and chemically stable. Thus, they have low weight loss in
aggressive service conditions [261, 276]. Moreover, while organic UV absorbers have certain

EP

absorption peaks in narrow UV ranges, inorganic UV absorbers show relatively broad absorption (up
to the proximity with visible wavelengths, i.e., 400 nm) [260, 279]. Therefore, inorganic UV

CC

stabilizers usually provide better UV protection than organic UV stabilizers (e.g., hindered amine

A

light stabilizers, or HALS, and organic UV absorbers) [259, 280-282]. For example, Allen et al. [282]
suggested that while benzophenone and benzotriazole chromophore-based UV absorbers absorb
more strongly in the near UV below 350 nm, rutile TiO2 nanoparticles absorb more strongly above
this range and therefore operate as a strong opacifier.
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Solid band theory can be used to explain why semiconductors such as ZnO and TiO2 absorb UV
radiation [283, 284]. ZnO has a wide band gap (3.37 eV) and large excitation binding energy of
60 meV. Therefore it can absorb light that matches or exceeds the band gap energy and which lies in
the UV range of the solar spectrum (<400 nm) [285]. TiO2 is also effective for UV absorption as it
presents a similar band gap (3.23 eV for rutile and 3.57 eV for anatase) [286]. The band gap of

PT

inorganic oxides can be slightly affected by the particle size [287]. Besides UV absorption, scattering
and reflection mechanisms are significant only in the spectral region where the inorganic oxide has
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either weak or no absorption [284]. TiO2 (especially anatase [288]) has a higher refractive index than
most other semiconductors [284], which can increase the contribution to stabilization from UV
scattering mechanisms.

U

Studies have shown that inorganic UV absorbers with a smaller particle size (from macro to nano)

N

[277, 281, 289] and higher content [277, 278, 282] in the polymer could result in better UV

A

absorption. Regarding the content, if too few inorganic oxide particles are added, the distance

M

between the particles is too large, and there is not enough opacity. However, an amount that is too
great results in lower efficiency due to a particle crowding effect which causes the particles to

TE

D

interfere with each other’s scattering efficiency [235]. Regarding the particle size, Goh et al. [287]
have shown that the UV absorbance of ZnO particles increases with increasing their size in the range

EP

of 15–40 nm. Particles greater than 70 nm become opaque to UV radiation. For particles greater than
70 nm, the absorbance decreases with increasing size because of the decrease in particle density

CC

[287].

ZnO nanoparticles are normally effective at reducing or delaying the photodegradation of

A

aromatic PUs [283, 290] and other polymers [291, 292]. In addition, nano inorganic oxides have
much weaker scattering intensity than their pigmentary grade counterparts, especially for visible
light [284]. Therefore, nano inorganic oxides have no detrimental effect on the transparency of
polymer matrices [278, 283, 293, 294]. Moreover, nanocomposites formed by dispersion of
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inorganic nanoparticles in a polymer matrix could improve heat resistance and mechanical properties
[277, 278, 289, 293, 295-301].
Good dispersion of inorganic stabilizers can be hard to achieve due to agglomerate formation,
crystallinity, hardness, particle size, acid/base interactions, polarity, and process conditions (e.g.,
intensity of mixing, and mixing schedule) [235]. Therefore, it is important to develop sound

PT

processes to maximise the dispersion of nanoparticles in PUs to obtain the desired UV stabilization
and other properties (e.g., mechanical and optical). In many studies, mechanical shear forces such as
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sonication [283, 293, 294] and milling [278] have been applied to break down agglomerated

nanoparticles. However, this approach is limited, due to the low interactions between the inorganic
materials and the polymeric matrix, compared with the strong interactions between the individual

U

nanoparticles. Better dispersion could be obtained by surface modification of nanoparticles to

N

improve nanoparticle–matrix interactions. Some successful examples include ZnO nanoparticles

A

modified by 2-aminoethyl-3-aminopropyltrimethoxysilane [N′-(3-trimethoxysilylpropyl)ethane-1,2-

M

diamine] [302], TiO2 nanoparticles treated by aminopropyltrimethoxysilane [3-triethoxysilylpropan-

D

1-amine] [299, 300], and CeO2 nanoparticles with a surface-grafted monolayer of phosphonated

TE

poly(oxyalkene) [poly(oxy-1,2,ethanediyl)-α-(3-phosphonopropyl)-ω-hydroxyl] [279]. In addition, a
greater degree of dispersion of nanoparticles in PU systems could be achieved with a better match

EP

between hydrophilicity/hydrophobicity of the nanoparticles and the matrix (for example, the use of
hydrophobic nano-SiO2 vs. hydrophilic nano-SiO2 [278, 301]).

CC

It is noteworthy that after inorganic oxides absorb UV energy, they can also exert oxidising
power and produce reactive free radicals such as perhydroxyl radicals (HO2•), an oxygen radical

A

anion (O2•−) and hydroxyl radicals (HO•). [276, 288, 291, 292, 303-311]. These radicals will attack
neighboring polymer chains to abstract hydrogen atoms, forming carbon-centred radicals.
Subsequently, chain cleavage occurs with the production of hydroxyl derivatives and carbonyl
intermediates [281, 288, 292, 308]. For ZnO and TiO2, this photocatalytic activity is especially
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evident at a particle size of less than 100 nm [288, 309, 310, 312]. Anatase TiO2 nanoparticles are
known to have a strong photocatalytic effect [276, 288, 303-310]. In contrast, rutile TiO2
nanoparticles have high UV opacity and low photoactivity [288, 308] and are an effective stabilizer
for retarding the photooxidation of PUs [282].
The photosensitivity of ZnO or TiO2 is considered to arise from localised sites on the crystal

PT

surfaces [282, 311]. The photocatalytic activity of ZnO or TiO2 particles might be suppressed by
surface treatment or encapsulation of the particles with another material, which could act as an
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isolation layer, or by passivation of the particle surface through oxidation [235]. For resistance to
weathering, TiO2 or ZnO particles may need to be heavily coated (up to 10% w/w) with alumina,
silica, zirconia, ceria, or phosphates of other metals [276, 281, 308, 312]. Among the different

U

techniques used to modify nanoparticles, silane treatment methods offers definite advantages such as

N

simplicity, low cost and low processing temperatures [260, 299, 300, 313]. However, changing the

A

surface properties by coating or doping is not sufficient to entirely prevent degradation (which can

M

only be minimised) [235].

D

CeO2 and TiO2 show a similar UV cut-off threshold at around 370 nm, and they are both

TE

semiconductors, with a band gap of ca. 3.0–3.2 eV, and present the same UV absorption mechanism
under UV radiation. However, CeO2 does not show any photocatalytic effect [279]. CeO2

EP

nanoparticles have band gap energies ranging from 2.9 eV to 3.5 eV depending on their particle sizes
due to the quantum confinement effect. Among different inorganic UV absorbers, considering energy

CC

band gaps and absorption edges, only CeO2 is a proper UVB absorber [279]. Moreover, CeO2
presents the property of transparency in the visible spectrum from 400 up to 800 nm, a range greater

A

than TiO2 [279].
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3.4.3. Radical scavengers
Hindered amine light stabilizers (HALS) act as scavengers for free radicals that may be generated
during UV-initiated oxidation of organic compounds [314]. Although there are wide structural
differences in the HALS products commercially available, they typically share the 2,2,6,6tetramethylpiperidine ring structure. Several important, commercial photostabilizers based on this

PT

structure are available, as typified by bis(2,2,6,6-tetramethyl-4-piperidinyl) sebacate [bis(2,2,6,6-
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tetramethylpiperidin-4-yl) decanedioate] (Error! Reference source not found.) [207]. Some other
examples such as Tinivin 123 [bis(2,2,6,6-tetramethyl-1-octoxypiperidin-4-yl) decanedioate] are also
shown in Error! Reference source not found. [262].

U

HALS show high efficiency at relatively low concentrations. At only 0.1%, HALS provide

N

protection equivalent to typical UV absorbers used at 3% or 4%. The best of these compounds are

A

claimed to be as effective as CB in inhibiting photodegradation. Although they are expensive, HALS

M

provide the best performance in non-CB formulations based on a cost-efficiency ratio [207].
Nonetheless, as HALS do not appreciably absorb UV irradiation above 290 nm [225], they are

D

usually used with other UV stabilizers for better stabilization performance [259, 261, 263, 270, 272,

A
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315].
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Figure 21.

Examples of hindered amine light stabilizers (HALS) based on 2,2,6,6-tetramethylpiperidine. The last
HALS compound, developed by Ávár et al. [272], contains a photoreactive site for the fixation of the
HALS onto the polymer matrix.

The ability of HALS to scavenge radicals during UV degradation and provide stabilization to
polymers occurs via initial formation of aminoxyl/nitroxy radicals (Error! Reference source not
found.) [235]. The reaction scheme shown in the figure depicts the Denisov Cycle, which indicates

PT

cyclical regeneration of the HALS aminoxyl radical, along with trapping and decomposition of
polymer alkyl and peroxy radicals during the cyclic process. The detailed chemical processes for
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aminoxyl radical regeneration during the Denisov Cycle have been the subject of speculation, with
more recent work by Coote et al [316, 317] showing that aminoxyl regeneration can proceed via
abstraction of the β-hydrogen atom of the alkoxyamine/aminoether by a peroxy radical with

Figure 22.
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subsequent formation of a ketone and an aminyl radical intermediate.

Denisov Cycle for hindered amine light stabilizers (HALS) based on 2,2,6,6-tetramethylpiperidine.
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[235], Copyright 2015. Reproduced with permission from Elsevier Ltd.

HALS have four methyl groups attached to the two carbons next to nitrogen, which can create a

steric hindrance for better stabilizing the related aminoxyl radical (than, for example, three methyl
groups) [318]. A stable aminoxyl radical can efficiently trap alkyl radicals [318].

63

Hydroxylamines, as well as the aminoxyl radicals that are subsequently formed, can also
effectively react with free radicals (see Error! Reference source not found. for the mechanism)
[319]. Though not important commercially, stable dialkyl nitroxide radicals have been shown to be

Radical trapping and hydroperoxide decomposition mechanism of hydroxylamines. [319], Copyright

N

Figure 23.
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effective scavengers of radicals [207].

A

2002. Adapted with permission from Elsevier Ltd.
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Besides HALS, other UV stabilizers, such as ferulic acid, phenoxy antioxidants, flavonoids,

D

vitamin C and E and β-carotene, some natural extracts, CB, and copper stearate also show similar

TE

UV stabilization mechanisms that involve radical deactivation [235].
Hindered phenols are known as radical scavengers [235, 240]. Typical examples of phenolic

EP

antioxidants include methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanoate and Irganox® 1010 [[3[3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanoyloxy]-2,2-bis[3-(3,5-di-tert-butyl-4-

CC

hydroxyphenyl)propanoyloxymethyl]propyl] 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanoate], as
shown in Error! Reference source not found.. They also show cooperation between the parent

A

phenolic antioxidant and its transformation products (benzoquinone and quinone methide, which
have a modified radical scavenging activity), which has an antioxidant supporting effect [233, 235].
The radical trapping mechanism of phenolic antioxidants and their transformed products, quinones,
are shown in Error! Reference source not found.. In particular, the steric hindrance provided by
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the bulky t-butyl groups stabilizes the phenoxy radical formed after reaction with oxygenated or
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alkyl radicals. It is therefore very unlikely that phenoxy radicals can attack polymer chains [230].

Figure 24.

Structures of phenolic antioxidants, methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanoate, Irganox
1010, and polydopamine. The structure of polydopamine is [320].
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Figure 25.

Radical scavenging mechanism of phenolic antioxidants. [207].

U

Irusta and Fernández-Berridi [321] reported that, for aromatic PEtUs, the UV absorber, 2-

N

hydroxybenzophenone [(2-hydroxyphenyl)-phenylmethanone], decreased the photooxidation on both

M

methylphenol, was more significant on the SSs.

A

HSs and SSs, whereas the effect of the radical-scavenging phenolic antioxidant, 2,6-di-tert-butyl-4-

Polydopamine (PDA) (Error! Reference source not found.) is a synthetic polymer with a

D

chemical structure similar to melanins that can protect human skin by quenching reactive radicals

TE

generated during UV exposure [322] and has recently been found to act as an antioxidant [323-339].
Both PDA and melanins have a phenolic structure, which, in the presence of reactive oxygen species

EP

and radicals, can be easily oxidized to the corresponding quinone, quenching the reactive species by

CC

hydrogen atom transfer [340]. Demonstration of the effectiveness of PDA as a UV stabilizer has
been shown for a PU that contained only 0.8 wt.% PDA-coated graphene and gave high UV

A

resistance [340, 341].
Phenolic compounds from bark extract have also been found to show radical scavenging activity

[262, 342], with stability correlating to total phenolic and flavonoid content [342].
CB is frequently mentioned [235, 343] as participating in radical scavenging, although the related
mechanism has not been well understood. Oxygen-activated CB has chemical functions on its
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surface [344, 345], which might account for the oxidation stabilization ability of CB (while channel
black has more functional groups on its surface than furnace black [224]). The additional UV
protection may be ascribed to the volatiles on CB, which consist of a complex mixture of
chemisorbed, oxygenated groups [254, 345, 346]. These groups tend to act as radical scavengers,
inhibiting any chain reactions caused by UV radiation [254, 255]. In addition, the surface of

PT

activated CB usually consists of conglomerates of many condensed polycyclic aromatic rings [224,
345, 346]. The quinoid structures present on the surface of activated CB are considered to participate

SC
RI

in radical scavenging [232]. CB can be regarded as a giant phenol and as such should be capable of
functioning as a labile-hydrogen donor [224]. Similar to CB, CNTs have been found to have a radical

N

U

accepting capacity, which may interrupt propagation during autoxidation [274].

A

3.4.4. Hydroperoxide decomposers

M

As shown in Error! Reference source not found., hydroperoxide formation is a key reaction in

D

polymer autoxidation. Therefore, decomposition of hydroperoxides to inert or less reactive species is

TE

one way to significantly reduce the rate of autoxidation and improve polymer stability.
As discussed above, the major strength of HALS is their participation in peroxide and

EP

hydroperoxide decomposition and carbon radical trapping, with hydroxylamines also being shown to
be able to decompose hydroperoxides (Error! Reference source not found.) [319].

CC

However, phosphites and phosphonites are more commonly used in this way as they effectively

A

decompose hydroperoxides [133, 347, 348]. They reduce the hydroperoxides formed from peroxy
radicals to the corresponding alcohol by a redox reaction, being simultaneously oxidized to the
corresponding phosphate [133, 319], with the mechanism of decomposition shown in Error!
Reference source not found.. Because phosphites and phosphonites tend to hydrolyse, in practice
mainly hydrolytically stable derivatives are being used [133]. Additional stabilizing capacity can also
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be introduced via chemical combination. Compounds containing both the 2,2,6,6tetramethylpiperidine ring structure and phosphite were synthesized and showed even better
performance in the decomposition of hydroperoxides [349]. This combination also improved the
hydrolytic stability of phosphites [349], which has also been shown to increase with increased steric

Figure 26.
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hindrance around their phosphorous atoms [231, 349].

Mechanism of decomposition of hydroperoxides by phosphites. [319].

U

CB may also function as a chain-terminating and peroxide-decomposing agent [350]. The

N

effectiveness of CB to catalyse hydroperoxide decomposition into nonradical products can be

A

attributed to its acidity resulting from oxygen-containing groups [224]. The activity of CB in

M

hydroperoxide decomposition increases with the amount of chemically bound oxygen [224].

D

Sulphurised CB is even more effective than oxygen-activated CB for decomposing peroxides, with

EP

antioxidants [224].

TE

the sulphur-based chemical groups undergoing reactions similar to those for sulphur-containing

CC

3.4.5. Quenchers

A

As discussed in Section 3.1, many compounds that act as chromophores in polymers, such as
polynuclear aromatics, carbonyl groups, reaction products of antioxidants, dyes, and pigments [351]
can be sensitisers for photodegradation. Quenchers stabilize polymers by deactivating excited state
chromophores (triplet or singlet states) through an energy-transfer mechanism before these
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molecules can undergo reactions that would result in degradation (Error! Reference source not
found.) [133, 207, 234]. The excited quencher can then dissipate energy as heat [133, 207, 234].
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Sensitizer

Quenching of excited states of sensitizers and singlet oxygen (1O2). The excited state is indicated by

U

“*”. [133, 207, 234].

N

Like HALS, quenchers usually do not absorb UV radiation. The primary role of quenchers is to

A

extract absorbed energy from excited-state molecules before they degrade or react to cause

M

degradation [207]. Chelates of transition metals (especially nickel) are the most common class of
quenchers [207, 352-354]. Nickel chelates can effectively quench the triplet state of ketones [353].

D

Metal chelates (such as dibutyldithiocarbamates of Ni [N,N-dibutylcarbamodithioate;nickel(2+)] or

TE

Zn [zinc;N,N-dibutylcarbamodithioate], and nickel dodecylthiophosphate [nickel(2+);O-dodecyl-

EP

phosphorothioate]) have also been shown to be effective at quenching singlet oxygen and thus
retarding the photooxidative degradation of PUs [27, 258]. In contrast to other types of

CC

photostabilizers, metal chelates do not migrate through the polymer to a significant extent and
therefore are very effective stabilizers [207].

A

Quenching of electronically excited states (singlets or triplets) can be in the form of either longrange energy transfer (e.g., a dipole–dipole interaction) or contact (collisional) energy transfer. For
long-range energy transfer, the distance between the chromophore and quencher can reach as high as
10 nm, providing that there is significant overlap between the emission spectrum of the chromophore
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and the absorption spectrum of the quencher [353]. For contact energy transfer, the distance between
the chromophore and quencher should not exceed 1.5 nm [353].
Nickel quenchers can also contribute to hydroperoxide decomposition [355, 356] and act as
radical scavengers [357].
Mendikute et al. [321] indicated that nickel 2,2′-thiobis(4-tert-octylphenolate)-n-butylamine

PT

[butan-1-amine;nickel(2+);2-[2-oxido-5-(2,4,4-trimethylpentan-2-yl)phenyl]sulfanyl-4-(2,4,4trimethylpentan-2-yl)phenolate] behaved as a photostabilizer in TDI-based PEtUs, whereas it acted

SC
RI

as a photoinitiator in 4,4′-MDI-based PEtUs, although the reason for this behaviour was unclear.

Besides metal chelates, there are other compounds that may function as quenchers. For example,
salicylic acid esters, amides, and hydrazides have been shown to be effective quenchers of the

U

excited states in aromatic PUs [358].

N

While it is widely accepted that CB acts as a UV absorber, additional theories suggest that CB

D

M

certain photoactive species in the polymer.

A

presents conjugated double bonds [359] and has a low surface energy [360]; thus, it may also quench

TE

3.4.6. Combinations of stabilizers

EP

For better protection of polymers against UV degradation, it is not uncommon to use more than
one stabilizer in a polymer formulation. When combinations of different UV stabilizers are used, the

CC

stability during photooxidation relies on the contribution of each stabilizer, as well as their respective

A

interactions (antagonistic or synergistic) with other stabilizers. Many examples of antagonism and
synergism for UV stabilizer combinations in various polymers have been summarised elsewhere
[134, 139, 207, 235, 237, 240, 241], although the related mechanisms have not been fully understood.
CB is a very common UV stabilizer and has been discussed extensively already. The nature of
CB plays an important role in not only controlling its performance as a stabilizing agent alone, but
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also its interactions with other UV stabilizers and antioxidants, via adsorption–desorption processes
and other chemical interactions [361]. Antagonistic effects may occur with combinations of CB and
amines or certain phenolic antioxidants [350]. The acidic or basic nature of CB could determine
whether the combined effect of CB and an antioxidant will be synergistic or antagonistic. Generally,
inactive (low oxygen content) CB can be more favorably blended with amine-type antioxidants,

PT

while medium- or highly-oxidized acidic CB has antagonistic interactions with amines. The
combined effect of acidic CB together with a phenolic antioxidant is antagonistic in most cases, and
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basic CB in combination with phenolic or thioether type antioxidants results in antagonism [350].
Combinations of a UV absorber and a HALS are often used for the photostabilization of PUs
[259-261, 263, 272, 315]. While a UV absorber can restrict the accumulation of radicals and

U

hydroperoxides, the reactive products that escape the action of the UV absorber can be subsequently

N

controlled by reaction products formed from HALS. Thus, combinations of HALS and UV absorbers

A

are usually synergistic in UV protection [207, 260, 261, 263, 272]. It is now quite well established

M

that UV absorbers protect the intermediate HALS nitroxide from photolysis [362], with the durability

D

of the UV absorber also increased in the presence of HALS by protection from photo-triggered, free-

TE

radical-assisted interruption of the ESIPT mechanism of stabilization [362]. HALS may reduce the
quinone derivative of a UV absorber (typically of the o-hydroxybenzophenone type), which does not

EP

have its original UV-absorption function, to its original state [363]. This protective cooperation
provides the greatest effect in photosensitive materials that have increased generation of peroxidic

CC

photoproducts [362].

However, the combined effect of inorganic UV absorbers, such as anatase TiO2 and a HALS

A

(aqueous Hostavin N 20 [2,2,4,4-tetramethyl-7-oxa-3,20-diazadispiro[5.1.11^{8}.2^{6}]henicosan21-one], Clariant) has been found to be antagonistic [281]. It is possible that this was due to
photocatalytic destruction of the HALS via the photoreactive anatase pigments, along with
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deactivation of the HALS via reaction of their amine functionalities with acidic surface sites on the
anatase [281].
Combinations of stabilizers for PU have also been described in the patent literature. Prissok and
Scholz [364] disclosed in their patent that diglycidyl terephthalate [bis(oxiran-2-ylmethyl) benzene1,4-dicarboxylate] and/or triglycidyl trimellitate [tris(oxiran-2-ylmethyl) benzene-1,2,4-

PT

tricarboxylate] in combination with UV absorbers, preferably of the benzotriazole type, are effective
stabilizers for PUs against hydrolysis, thermooxidation, and UV, while maintaining good mechanical
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properties without introducing significant crosslinking. A combination of diglycidyl terephthalate,
triglycidyl trimellitate, and Tinuvin® 328 [2-(2′-hydroxy-3′,5′-dipentylphenyl)benzotriazole] was
found to be particularly advantageous and preferably used [364]. However, the mechanism for the

M

3.4.7. Other issues related to photostabilizers

A

N

U

synergism was not further elaborated.

D

Miscibility, retention, and cost are important factors to consider in the selection of UV stabilizers.

TE

However, the stability of UV stabilizers themselves, discussed in detail elsewhere [365], could be
more important to consider for the protection of polymers [207]. For organic UV absorbers, the

EP

conditions under which energy dissipation occurs, such as polarity and temperature, determine the
rate of return to their original state and most likely their survival rates [365], with their UV

CC

absorption decreasing with time of exposure [366]. Homolysis of the aryl-carbonyl bond in organic

A

UV absorbers is a major pathway for degradation (Error! Reference source not found.) [366].
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Figure 28.

Mechanism of the UV-degradation of organic UV absorbers based on o-hydroxybenzophenone. [366],

PT

Copyright 1993. Adapted with permission from Elsevier Ltd.

Organic compounds such as UV absorbers and HALS are usually volatile and may be easily lost
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by migration, which may be promoted by elevated temperature [270, 272, 367]. It is a general
property of UV absorbers that decreasing the hydrogen bonding potential within a series of

compounds increases the volatility, whereas increasing the M has the opposite effect [368].

U

According to Ávár & Bechtold [272], modifying HALS by introducing a photoreactive site gave the

N

possibility to fix the stabilizing molecule onto the PU matrix, which prevented migration (see the last

A

HALS in Error! Reference source not found.). Yaneff et al. [270] revealed that functionalization

M

of UV absorbers and HALS with reactive hydroxyl groups allowed the light stabilizers to efficiently

D

co-condense with coating crosslinkers such as isocyanate or melamine-silane during cure. As a result,

TE

the light stabilizer can be retained in a PU coating with an improved stabilization effect [270].
However, it is noteworthy that locking the stabilizer into one position is likely to decrease its

EP

efficiency, given that it has to wait for radicals to be in close proximity, rather than being able to

A

CC

diffuse within the matrix.
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4. Thermal degradation and stabilization of polyurethane
elastomers
This section focuses on thermooxidative degradation particularly in the air, while hydrothermal
ageing will be discussed in Section 6.

PT

4.1. Thermal degradation of polymers
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Thermal degradation may result from absorption of infrared radiation, typically from the solar
spectrum and heat sources that are close to the material. It is generally accepted that oxidation

reactions involved in thermooxidation and photooxidation are similar, both believed to proceed by a

U

free-radical, chain mechanism (autoxidation) [126, 134, 135, 369] (Error! Reference source not

N

found. in Section 3.1). Initiation of thermal degradation may result from the thermal dissociation of

A

chemical bonds in macromolecules [126, 235], which may arise through thermal processing or under

M

usage conditions. Free radicals (R•), which are formed from the thermolysis of impurities and

D

additives, may also contribute to thermal degradation [128]. Additionally, a combination of thermal

TE

and mechanical effects (further discussed in Section 11) could facilitate the scission of polymer
chains to macroalkyl radicals, which is an important initiating process leading to the formation of

EP

hydroperoxides causing subsequent degradation [370]. Unlike photooxidation, which is primarily a
surface reaction, thermooxidation may be initiated across the material depending on oxygen

CC

concentration and temperature/rate of reaction [126]. Also, the kinetic chain length (ratio of the
propagation rate to the termination rate) during thermooxidation is higher than in photooxidation

A

[126]. While ketones can react further in photochemical conditions, as a result of Norrish reactions,
they show higher stability in thermooxidation [371], with other chemical properties such as the
concentration of unsaturated bonds dramatically influencing the thermooxidative process [371].
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Ageing temperature greatly influences the rate of thermal degradation. A common approach is to
assume that the rate of ageing is increased by a factor of 2ΔT/10, where ΔT is the temperature increase
(as based on the Arrhenius equation). The result is a mathematical expression of the empirical
observation that increasing the temperature by about 10 °C roughly doubles the rate of many
reactions. It is equivalent to assuming that the ageing process is a first order chemical reaction with

PT

an activation energy of 10R/loge2, where R is the universal gas constant [372]. However, while
doubling of the rate of degradation for every 10 °C can be applied to a non-catalysed decomposition
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of hydroperoxides, it does not work so well in the presence of a catalyst or for photodegradation.
Moreover, it is noteworthy that the application of this assumption does not consider new chain

N

U

dissociations resulting from the increased temperature.

M

A

4.2. Thermal degradation of polyurethane elastomers
Much of this next section will include discussion on thermal degradation of polymers that occurs

D

with time at an elevated temperature based on autoxidation (i.e., long-term, isothermal degradation).

TE

This is different from thermal decomposition (combustion) following a progressively increased
temperature that takes place immediately when a specific temperature is reached (i.e., nonisothermal

EP

degradation), which is usually studied by TGA. A brief discussion related to this is given below.

CC

4.2.1. General discussion of thermal degradation of polyurethane elastomers

A

According to TGA studies, segmented PUs usually experience a two-stage degradation process
with an increase in temperature. The first stage (usually at over 250 °C) is due to the thermolysis of
urethane linkages and the second stage is due to the decomposition of the macrodiol component [30,
49, 373-385]. Interurethane hydrogen bonding plays a significant role in the thermal stability of
segmented PUs, which can be enhanced by a higher degree of phase separation [384, 386, 387].
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Increasing the macrodiol concentration may increase the degradation temperature of the first stage
but decrease that of the latter stage [385, 388]. Aliphatic PU formulations have been reported to
show higher thermal stability initially, whereas aromatic formulations displayed better mid-range
thermal degradation resistance [389]. The higher the concentration of the urethane group, the lower
are both the activation energy for thermal decomposition and the thermal stability of the PU [390].

PT

Additionally, there may be a mutual stabilization effect from the HSs and SSs in segmented PUs
[384, 388].
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In contrast, in the case of isothermal degradation over a prolonged period, usually at a moderate
temperature less than 150 °C, the macrodiol component (e.g., PB) may be less resistant to oxidation
than the urethane linkage [374]. Therefore, for understanding thermooxidative degradation and

U

related stability, more attention should be paid to the macrodiol component than the

N

isocyanate/resultant urethane.

A

Unsaturation level in the macrodiol component may significantly affect thermal degradation,

M

with PBU elastomers being typical rubbers that contain unsaturated C=C bonds. The thermal

D

degradation of these elastomers is discussed below. To avoid thermal degradation of PU elastomers,

TE

one patent [391] has documented the preparation of thermally-stable materials utilising low
unsaturation level macrodiols (preferably polyether diols) prepared by double metal cyanide complex

EP

catalysis. These PU elastomers are more stable against thermal degradation than, for example,

CC

PTMEG-based PU elastomers [391].

A

4.2.2. Thermal degradation of poly(butadiene-urethane) (PBU) elastomers
As discussed in Section 3.2.2.3, PB and its copolymers are very susceptible to oxidative
degradation owing to the unsaturated (alkene) character (Error! Reference source not found.). This
is related to the low BDE of C-H bonds of allylic methylenes (Ed = 350 kJ·mol−1), compared to those
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in most saturated hydrocarbons, which are more than 380 kJ·mol−1 [174]. The thermooxidation of PB
leads to double bond consumption, carbonyl and hydroxyl build-up and a mass increase due to
oxygen incorporation [174]. In this process, stable unsaturated oxidation products are formed from
alkyl radical precursors; and reactions involving polymer radicals (P•) are important, especially with
exposure to air at atmospheric pressure [174]. Oxidation kinetics are characterized by an induction

PT

period, at the end of which oxidation accelerates abruptly and then quickly slows down, which is due
to fast substrate consumption. Induction times are about the same for all the investigated
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characteristics: mass gain, double bond disappearance, and carbonyl and hydroxyl build-up [174].

Some oxidative degradation products of HTPB, including hydroperoxide and peroxides (Error!
Reference source not found.), can be formed by the reaction between the oxygen and the double

U

bonds of HTPB at high temperatures (typically 180–200 °C) [374]. As hydroperoxides are unstable,

N

subsequent oxidation reactions occur, causing the degradation of the polymer, which follows the

A

CC

EP

TE

D

M

A

same autoxidation process as for photooxidation (Error! Reference source not found.) [180].

Figure 29.

Degradation products from the oxidation of hydroxyl-terminated polybutadiene (HTPB). [374],
Copyright 2001. Adapted with permission from Elsevier Ltd.
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Primary unsaturated hydroperoxides derived from PB can be thermally decomposed into α,βunsaturated carbonyls at moderate temperatures (e.g., 60 °C) [180]. In contrast to photooxidation,
subsequent reactions leading to loss of the alkene functionality in these unsaturated carbonyls (such
as crosslinking and oxidation) occur to a lower extent under thermooxidative conditions [180]. In

PT

addition, when a significant concentration of hydroperoxides has accumulated in PB, thermal
decomposition of hydroperoxides leads to a high concentration of radical species and progress to β-

SC
RI

scission via Mechanism 2 shown in Error! Reference source not found.. In contrast, when the
concentration of hydroperoxides is low, Mechanism 1 (Error! Reference source not found.)
dominates and ketones subsequently form, as discussed for photooxidation of PB (see Error!

U

Reference source not found.) [180]. α,β-unsaturated carbonyls are the major products of

N

thermooxidation, whereas these products act as chromophores during photooxidation and react to
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form saturated aldehydes as the predominant products [179, 180].

Figure 30.

Thermal decomposition of hydroperoxides from polybutadiene. [180]
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It has been reported that, for HTPB/isophorone diisocyanate (IPDI)-based PU elastomers aged in
the air at various temperatures up to 110 °C, the urethane linkages were essentially unchanged while
the PB component of the polymer had significantly degraded [392, 393]. Both crosslinking and chain
scission occurred during degradation [393, 394]. Approximately 60% of the oxidation products were
alcohols, independent of temperature and the presence or absence of antioxidants; the remaining

PT

oxidative products were principally acids, esters, carbon dioxide, and small amounts of other
products containing carbonyl functional groups [392, 393]. The extent of thermooxidation was found
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to be oxygen-diffusion limited, which led to a gradient of oxidation product concentrations through
the film thickness [174, 392]. This heterogeneous oxidation occurs because ambient oxygen cannot
permeate into and react with the sample bulk as readily as with the surface layers, so there is a

U

correlation between the oxygen permeation and the oxidation rate of the material [392].

N

Although urethane linkages are more oxidatively-stable than PB components, the overall

A

oxidative stability of PBUs can still be affected by the urethane linkages. Villar et al. [394] revealed

M

that, for HTPB/IPDI-based PUs kept at various temperatures between 50 °C and 70 °C for up to 34
weeks, a higher number of urethane linkages (a higher NCO/OH ratio, 1.0 vs. 0.85) resulted in a

TE

D

lower Arrhenius activation energy (82 ± 10 kJ·mol−1 vs. 156 ± 30 kJ·mol−1), thus delivering faster
oxidation.

EP

There is some disagreement in the literature regarding the rate of thermal degradation of PB with
different structural units. Coquillat et al. [174] observed that trans-vinylene groups and vinyl groups

CC

reacted at practically the same rate. However, in another study by Nagle et al. [392], the trans isomer

A

of PB appeared to have a higher degradation rate than the vinyl isomer.
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4.2.3. Effects of thermal degradation on the properties of polyurethane elastomers
Thermal degradation of PUs can result in the loss of mass [374, 395], with gradual mass loss
during isothermal ageing possibly being due to the loss of moisture, solvents or plasticiser that were
incorporated during the preparation of PUs [374, 395] and/or to the loss of molecules because of
chain scission [374, 395].

PT

During thermal ageing, competing effects from crosslinking and chain scission significantly
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influence the material properties. While crosslinking usually dominates in the initial stage, with a
longer period of ageing, the effect of main chain scission overshadows the effect of an increased
crosslink density [395]. There is no consensus on how these chemical changes affect the material

U

properties [374, 375, 396-398], as this could depend on multiple factors such as the material

N

formulation and the ageing temperature. For a PCL copolyester-based PU aged at either 70 °C or

A

90 °C for up to 270 days, there was firstly an increase in the material rigidity and then a decrease in

M

the mechanical properties [395]. For PBU elastomers, thermal ageing between 50 °C and 100 °C will
normally result in a decrease in elongation at break and an increase in elastic modulus, with greater

D

changes at higher ageing temperatures (Error! Reference source not found.) [374, 396-398].
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Thermal ageing may also lead to an increase in Tg [398].
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Figure 31.
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(A)

Effect of thermal ageing on elongation at break (A) and elastic modulus (B) of a HTPB/IPDI-based
polyurethane. [396], Copyright 1994. Reproduced with permission from Elsevier Ltd.

U

For an HTPB/IPDI-based PU elastomer aged at 95 °C for up to 52 days, Assink et al. [397] found

N

a strong correlation between elongation at break and 13C nuclear magnetic resonance (NMR) cross

A

polarization (CP) time, or Tcp. While the 1H relaxation times were dominated by high-frequency local

M

motions that were not strongly coupled with the mechanical properties, Tcp was dependent on low-

D

frequency cooperative motions that were more strongly coupled to mechanical properties, such as

TE

elongation [397]. De la Fuente and Rodríguez [399] indicated that the changes in viscoelastic
properties measured by dynamic mechanical analysis (DMA) could well reflect the thermal ageing of

EP

HTPB/IPDI-based PU elastomers at different temperatures between 40 °C to 80 °C. The storage
modulus (E′) firstly decreased due to initial softening and then increased with the ageing time. A

CC

higher ageing temperature resulted in higher E′ values (Error! Reference source not found.A). On
the other hand, the loss factor or damping efficiency, tan δ, measured at 22 °C, gradually decreased

A

with the ageing time, and this reduction was at a higher rate at a higher ageing temperature (Error!
Reference source not found.B).
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Figure 32.

(B)
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(A)

E′ (A) and tan δ (B) (measured at a frequency of 0.1 Hz, and 22 °C which corresponded to the
secondary relaxation) as a function of the ageing time for (a) internal (core) and (b) external (surface)

EP

polyurethane propellant samples aged at different temperatures. [399], Copyright 2003. Reproduced

CC

with permission from John Wiley & Sons Inc.

A

4.3. Stabilization of polyurethane elastomers against thermal
degradation by polymer modification

As photodegradation and thermal degradation follow predominantly the same mechanism of
autoxidation, the strategies for enhancing the photooxidative stability of PU elastomers (discussed in
82

Section 3.3) could also be applied for enhancing thermooxidative stability. Approaches include using
materials that have components with higher BDEs and increasing the degrees of crosslinking and
crystallinity.
Due to macrodiol components typically being the weak link in the oxidation of PU elastomers,
using macrodiols that have high oxidative stability could give PUs with improved thermooxidative

PT

stability. Efforts have been made to synthesize new polyester diols that can be used to form PUs that
are more thermally stable than traditional PTMEG-based PUs [400]. Macrodiol components may

SC
RI

also be prepared by copolymerization with another polymer with higher thermooxidative resistance.
For example, Sarkar and Adhikari [374] reported that with the same NCO/OH ratio, adding lignin to
build a lignin-co-HTPB copolymer to react with TDI could lead to a PU with increased thermal

U

resistance during isothermal ageing at 100 °C for 48 h. Alternatively, hydrogenation of PUs

N

containing unsaturated C=C bonds in the macrodiol segments may give the polymer better resistance

A

to heat and oxidation [215, 401]. This strategy has been demonstrated to be successful for PUs based

M

on PIP (at 150 °C in air for up to one month) [401] and PB (at 120 °C for up to 72 h) [215].

D

On the other hand, when urethane linkages are subjected to thermal degradation (e.g., during

TE

thermal processing with a temperature higher than 200 °C), the use of aliphatic isocyanates may give
improved thermal stability. Rische et al. [402] have shown in their patent that PUU dispersions stable

EP

to thermal yellowing contain HDI, IPDI, and the isomeric 4,4′-H12MDI and also mixtures thereof,

CC

which are all aliphatic isocyanates.

A

4.4. Stabilization of polyurethane elastomers against thermal
degradation using stabilizers

The stabilizers used for enhancing the thermooxidative stability of PUs elastomers are similar to
those for improving the photooxidative stability of these materials, and include: radical scavengers,
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hydroperoxide decomposers, and quenchers, as discussed in Section 3.4. Error! Reference source
not found. shows possible paths for stabilization of thermally degradable polymers within the
autoxidation process, with stabilization mainly involving radical scavengers (CB-A and CB-D) and
hydroperoxide decomposers [133]. These types of stabilizers have already been extensively covered
in the discussion of photostabilization of PU elastomers, with various additives for stabilization

PT

against thermooxidation broadly discussed elsewhere [133, 134, 138, 139, 224, 236-238, 246, 247].
The following discussion only involves unique aspects related to using stabilizers for improving the
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thermooxidative stability of PU elastomers.
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4.4.1. Radical scavengers
Various radical scavengers discussed in Sections 3.4.3 and 3.4.4 are also applicable for

protection of PU elastomers against thermooxidation. Relatively stable nitroxide radicals are typical
CB-As, whereas CB-Ds include secondary amines and hindered phenols. N,N′-diphenyl-p-

84

phenylenediamine [1-N,4-N-diphenylbenzene-1,4-diamine] and N-phenyl-2-naphthylamine [Nphenylnaphthalen-2-amine] are typical secondary amine antioxidants [224]. N,N′-diphenyl-pphenylenediamine contains two hydrogens, each of which can interrupt oxidation via radical
scavenging, as illustrated in Error! Reference source not found. [224]. However, it is important to
note that the use of amine stabilizers can lead to noticeable discoloration of the substrate due to the

Reaction of N,N′-diphenyl-p-phenylenediamine with peroxy radicals. [224].

U

Figure 34.
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PT

transformation products of the aromatic amines [133].

N

Irganox® 1010 (Error! Reference source not found.) has been found to be an effective

A

antioxidant for polyester/4,4′-MDI-based PUs at temperatures higher than 200 °C, when the HSs

M

became unstable [369]. Calabrese and Boccuzzi [403] have shown in their patent that the radical
scavenger, methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanoate effectively prevents the thermal

D

degradation of PU foams. They claim that this additive can be optionally used with another phenolic

TE

and/or an amine and/or phosphite or thioether or lactone stabilizer to form a stabilizer package for
macrodiols, PUs and other oxidatively-degradable polymeric materials [403].

EP

While CB is an excellent stabilizer against photooxidation, it also functions as a mild thermal

CC

antioxidant [224]. With a variety of oxygenated groups that are chemically attached to its surface,
and unpaired electrons within the structure, CB reacts to a minor extent to trap propagating radicals

A

[224]. The primary role of CB, particularly activated CB, is as a CB-D [224].
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4.4.2. Hydroperoxide decomposers
Hydroperoxide decomposers include phosphites and phosphonites as already discussed in Section
3.4.4. Because of their high reactivity, phosphites and phosphonites are usually used as stabilizers
during processing in the melt (at temperatures up to 300 °C). As “long-term” stabilizers, their
contribution to the stabilization of the end product is small [133]. Their reactivity in hydroperoxide

PT

reduction decreases with increasing electron-acceptor ability and steric bulk of the groups bound to
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phosphorus in the order phosphonites > alkyl phosphites > aryl phosphites > hindered aryl
phosphites [348].

Organosulphur compounds such as sulphides, dialkyl dithiocarbamates and thiodipropionates are

U

also well-known hydroperoxide decomposers [236, 348]. Their effect is based on the ability of

N

sulphenic acids to decompose hydroperoxides. To this end, however, the sulphenic acid has to be

A

formed by the decomposition of the intermediate sulphoxides [133, 348]. Regarding this, Error!

M

Reference source not found. shows the hydroperoxide decomposition with thiodipropionate esters
[133]. Intermediates with a 3,3′-sulphinyldipropionate ester structure are particularly reactive with

D

regard to the sulphenic acid formation. For this reason, compounds such as distearyl, or dilauryl

TE

dithiopropionate are mainly used [133]. Because sulphoxides and the subsequent oxidation products
are formed relatively slowly, thiosynergists primarily contribute to the extension of the lifetime of

EP

plastics in the course of use at temperatures up to 150 °C. During processing in the melt,

CC

thiosynergists do not contribute to stabilization, in contrast to trivalent phosphorus compounds [133,

A

404].
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Figure 35.

Hydroperoxide decomposition using thiodipropionate esters. [133], Copyright 1998. Adapted with
permission from Springer.

U

Other known hydroperoxide decomposers are based on metal complexes of dialkyl

N

dithiocarbamates [236]. These types of antioxidants have been used in rubbers for many years, with

A

the mechanism by which they inhibit oxidation being quite complex [224].

M

Activated CB also functions effectively as a hydroperoxide decomposer, with sulphurised CB
being more effective, most likely due to mercaptan groups present on the surface of sulphur-

D

activated CB [224]. Hydroperoxide decomposition may also be ascribed to the acidity resulting from

EP

TE

oxygen-containing groups on CB [224].

CC

4.4.3. Bifunctional stabilizers
Bifunctional stabilizers combining sterically hindered phenols and sulphur substituents have been

A

investigated for their functionality as both CB-D and hydroperoxide decomposers (Error!
Reference source not found.) [133, 224, 233, 405].
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Stabilizers with dual functionality.
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Figure 36.

4.4.4. Other stabilizers

Inorganic fillers such as silica, layered silicates, CNTs and fullerenes may also be effective in

U

enhancing the thermal stability of PUs [406]. Chen et al. [375] showed a positive effect from

N

sepiolite modified with (3-aminopropyl)triethoxysilane [3-triethoxysilylpropan-1-amine] (KH550-Sp)

A

on the thermooxidative stability of PU nanocomposites based on HTPB, PTMEG (1:1), and TDI.

M

Specifically, KH550-Sp in the nanocomposites could restrict the mobility of polymer chains and

oxidation of double bonds [375].

D

prevent the rapid penetration of oxygen into the PU matrix and therefore effectively suppress the

TE

Various additives such as metal-based compounds (metal oxides, metal salts, metal–organic

EP

hybrids and metal hydroxides), melamine, and carbon-based additives have also been shown to be
effective flame retardants and smoke suppressants during PU thermal decomposition (combustion)

A

CC

[407].

4.4.5. Combination of stabilizers
The effectiveness of combinations of CB with other stabilizers is dependent on the CB chemistry.
CB with low volatiles content was shown to increase the thermooxidative stability of polymers,
whereas CB with the highest volatiles content adversely influenced the thermal stability [253]. The
88

effect observed for the high volatiles content CB may be due to the adsorption of antioxidants (such
as secondary amines or certain hindered phenols) used in the formulation onto the surface of CB or
to the sensitization of thermooxidative reactions by the surface oxygenated groups present [224, 253].
Catalytic destruction of the antioxidant at the surface may be the major factor responsible for the
antagonism [224].

PT

Antagonistic and synergistic effects of combined stabilizers for various polymers have been well
documented elsewhere [134, 139, 207, 235, 237]. A typical example of this is that blends of chain-
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breaking stabilizers (phenols or amines) and hydroperoxide decomposers (phosphites and

phosphonites or thiosynergists) generally exhibit a synergistic effect [133]. The combination of CB

N

U

with sulphur-containing antioxidants also shows synergism [224].

A

5. Ozonolytic degradation and stabilization of polyurethane

D

M

elastomers

TE

5.1. General ozonolytic degradation of polymers

EP

Most polymers are resistant to ozone, with ozone degradation limited to unsaturated polymers,
especially under stress [126, 408-410]. Elastomeric compounds (natural rubber and synthetic

CC

polymers and butadiene and isoprene copolymers) are particularly susceptible to even low
concentrations of ozone, down to a few pphm [409, 411].

A

The mechanism of the reaction of ozone with unsaturated polymers has been well documented in
the literature [246, 370, 408, 409, 411-416]. A schematic of such reaction is shown in Error!
Reference source not found. [412]. Ozone damages these compounds by breaking polymer chains
at the C=C double bond, leading to the formation of unstable primary ozonides (molozonide).
Ozonides can then cleave to form carbonyl compounds (aldehydes) and carbonyl oxides (zwitterion).
89

Aldehydes and carbonyl oxides recombine to form trioxolane rings, which are secondary ozonides.
Thus, ozonide groups may be formed together with polymeric ozonides [417, 418]. Ozonides are
reasonably stable in neutral environments, but they will decompose readily under the influence of
heat or various reducing agents to yield chain scission products such as aldehydes, ketones, acids and
alcohols [409, 414]. In unstressed rubbers or elastomers, more than 50% of the fragments recombine

PT

to form the secondary ozonide [412]. Ozone reacts with all of the surface double bonds to produce a
nonreactive surface coating or frosting [409, 414], which provides an effective barrier against further
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attack by gaseous ozone [419]. In the unstressed case, the reaction is limited to the surface, and no

A

CC

EP

TE

D

M

A

N

U

cracking will occur [126, 409, 414].
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Ozonolysis of diene polymers. [412], Copyright 2001. Adapted with permission from Elsevier Ltd.
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Figure 37.

EP

Under stress, external force makes the recombination of the two chain end groups to form a
secondary ozonide (i.e., the trioxolane ring) difficult and leads to more routes for ozonolysis (Error!

CC

Reference source not found.) [412]. In this case, one chain end is stabilized because it is already an
aldehyde group [412]. However, the chain end with a carbonyl oxide group could react with water to

A

form a hydroperoxide [412]; therefore, the rate of chain scission is increased in the presence of active
hydrogen (e.g., water) [409, 414]. Additionally, the chain end with a carbonyl oxide group could
recombine with another carbonyl oxide group from another chain end to form a bisperoxide or a
polymeric peroxide, which can then be hydrolysed to more stable carbonyl compounds [412].
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As the stressed polymer chains cleave under ozone attack, new highly stressed surfaces are
exposed. The localised continuation of this process results in visible cracking, which is always
perpendicular to the applied stress [409, 414]. The strain produces cracks on the surface of the rubber
that increase in number with increased stress/stretching [409, 411]. After the initial cracking, there is
further ozone penetration, resulting in additional cracking and, eventually, mechanical weakening or

PT

stress relaxation [411].
The crack growth rate seems to be independent of stress but depends on ozone concentration and
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temperature [412]. At low or very low temperatures (e.g., 0 °C), even if the ozone concentration is
high, the attack on double bonds is hindered by the low reaction rate, low diffusion rate and low

solubility of ozone in the elastomer [410]. At temperatures sufficiently above Tg, the availability of

U

ozone becomes the rate-limiting factor for crack growth [412]. However, when the temperature is too

N

high (>70 °C) ozone becomes unstable and decomposes very quickly in air. Consequently, negligible

A

ozone attack is experienced [409, 410].

M

Both chain scission and crosslinking may occur during ozonolysis [409, 414, 420, 421].

D

Elastomers containing tri-substituted double bonds (e.g., PIP) are more prone to chain scission [420,

TE

421], as in the pathways described above. Crosslinking may also occur, especially with polymers
containing di-substituted double bonds (e.g., PB) [420]. It is proposed that this may be due to the

EP

attack of carbonyl oxides, in their biradical form, on the polymer double bonds [420].
The reaction rate constants of unsaturated polymers are usually about 106–107 times faster than

CC

those for relatively saturated polymers [416]. For example, the rate constants of cis-PIP and cis-PB
reacting with ozone in solution at 20 °C are 440,000 L·mol−1·s−1 and 60,000 L·mol−1·s−1,

A

respectively, whereas that of PIB, a saturated elastomer, is 0.012 L·mol−1·s−1 [409]. Research has
also shown that solid-state trans-polydienes react more readily with ozone both in solution or in the
solid state, indicating a lower activation energy in comparison to the corresponding cis-polydienes
[417, 422].
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5.2. Ozonolytic degradation of polyurethane elastomers
Most PU elastomers are quite resistant to ozone [423], with both PEsUs and PEtUs showing
excellent resistance to ozone [53, 424-430]. PU elastomers that are prone to ozonolytic degradation

PT

are those based on macrodiols with high degrees of unsaturation, typically PB and PIP. Given this,
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the discussion in Section 5.1 regarding the ozonolytic degradation mechanisms of general elastomers
can also be applied to the PUs based on these polymers.

Ozonolytic degradation is not always problematic for PU elastomers, with ozone sterilization

U

being commonly practised for biomedical applications [431-437]. It has been reported that ozone

N

sterilization could result in surface oxidation of a proprietary PU elastomer leading to a decreased

M

A

contact angle and increased hydrophilicity, which is favorable for cell attachment [431].

D

5.3. Stabilization of polyurethane elastomers against ozonolytic

TE

degradation by polymer modification

EP

One clear approach to make PU elastomers resistant to ozonolytic degradation is to use
macrodiols with a high degree of saturation. As discussed above, the use of polyesters, polyethers

CC

and saturated elastomers such as PIB, instead of PB or PIP, can result in PUs with excellent stability

A

against ozone. As discussed already, hydrogenated PB is more resistant to oxidation due to the
absence of double bonds [208, 209]. While some of the C=C bonds of an HTPB-based PU were
found to be oxidized to form carbonyl functional groups during ozone ageing at a concentration of
50 ppm for 48 h, its hydrogenated counterpart showed no obvious change under the same conditions
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[215]. Elimination of double bonds or crosslinking at the immediate surface could also improve
ozone resistance of elastomers [408].
Elastomers such as trans-1,4-polyisoprene with higher crystallinity are shown to be less reactive
with ozone [412]. Therefore, PUs based on high-crystallinity elastomers should also be more
resistant to ozone.

PT

Blending PUs that are susceptible to ozonolytic degradation with polymers with high ozone
resistance could also be a useful way to enhance the ozonolytic stability of the overall materials
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[438]. Maity and Das [438] showed that blends of PU and chlorinated PE (which has excellent

thermal and ozone resistance) could be obtained through interchain crosslinking using dicumyl
peroxide [2-(2-phenylpropan-2-ylperoxy)propan-2-ylbenzene] (DCP) as a curing agent.

U

Again, it is important to bear in mind that any physical or chemical modification to the polymer

N

matrix could potentially modify the material properties (such as Tg and mechanical properties) and/or

M

A

increase the material costs, which could prevent the practical application of these methods.

TE

D

5.4. Stabilization of polyurethane elastomers against ozonolytic

EP

degradation using stabilizers
Stabilizers for protecting polymers against ozonolytic degradation are called antiozonants. They

CC

can be divided into two groups: physical antiozonants (hydrocarbon waxes) and chemical
antiozonants. Since ozone attack is a surface phenomenon, the antiozonant must migrate to the

A

surface of the rubber to provide protection. Therefore, both physical and chemical antiozonants have
to have adequate solubility and diffusivity in the polymer to ensure effective protection [409], with
temperature controlling the diffusion rate and solubility of not only ozone but also antiozonants [439].

94

5.4.1. Hydrocarbon waxes
Waxes, which are relatively unreactive towards ozone, can protect polymers against ozonolytic
degradation by a physical process in which the additive blooms out of the formulation to form a
protective film over the surface [408, 409]. If a wax is present in an elastomer at a level exceeding its
solubility, some of the wax will migrate to the elastomer surface where it can form a physical barrier

PT

to prevent the penetration of ozone [409]. As long as the wax remains intact as a continuous, thick
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enough film (preferably under static conditions), the elastomers are protected against ozone attack
[408, 410].

There are a few advantages to the use of waxes as antiozonants, such as their low cost, non-

U

staining character, and that they have no adverse effects on material processing [409, 415]. However,

N

waxes are ineffective under dynamic stress conditions, due to a lack of adhesion between the wax

A

film and the elastomer and to the inextensibility of the wax bloom [408-410]. Another shortcoming

M

of waxes is their high dependence of protection upon exposure temperature, due to thermallyinduced changes in solubility and diffusion coefficients. Protection is difficult to achieve at both very

D

low (<10 °C) and very high (>50 °C) temperatures [409, 415]. Moreover, the damage to the bloom

TE

caused by embrittlement, scuffing and delamination during storage and use will affect the protection
from ozone provided by the wax [415]. Due to these limitations, waxes are usually used together

EP

with chemical antiozonants [409].

CC

Although waxes are commonly used as antiozonants for rubbers, few reports have been found on
the effectiveness of waxes for PU elastomers. Nonetheless, research has shown that waxes can

A

diffuse into the PU and migrate to the PU surface [440], demonstrating their capability to protect
PUs as well as other rubbers.
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5.4.2. Chemical antiozonants
Chemical antiozonants are mostly based on nitrogen-containing compounds. Compound classes
include derivatives of 1,2-dihydro-2,2,4-trimethylquinoline, N-substituted ureas or thioureas,
substituted pyrroles, and nickel or zinc dithiocarbamate salts [409, 441]. The most effective
antiozonants are derivatives of p-phenylenediamine (PPD) [409, 413, 415, 416, 441] (Error!

PT

Reference source not found.), which have also been demonstrated to be effective for PUs [442].
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Commercial PPD materials are grouped into three classes: N,N′-dialkyl-PPDs, N-alkyl-N′-aryl-PPDs,
and N,N′-diaryl-PPDs [246, 409, 410, 415, 441]. N,N′-dialkyl-PPDs have the highest reaction rate
with ozone, which also results in shorter useful lifetimes [409, 410, 415, 441]. N,N′-diaryl-PPDs are

U

only moderately active antiozonants and can only be used at low concentrations (generally < 2%)

N

because of their poor solubility [409, 410, 441]. Nonetheless, N,N′-diaryl-PPDs are most stable

A

towards oxygen and are resistant to loss by consumption and vaporization [138, 409, 415, 441]. In

M

contrast, N-alkyl-N′-aryl-PPDs have balanced properties between N,N′-dialkyl-PPDs and N,N′-diarylPPDs [409, 410, 415, 441]. It is noteworthy that some antiozonants, especially those based on the

D

PPD structure, can yield diimine products, which are strong chromophores. Therefore, this type of

CC

EP
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antiozonant has a staining effect on the material [408].

Derivatives of p-phenylenediamine [benzene-1,4-diamine].

A

Figure 38.

As ozonolysis is not based on the free radical chain reaction mechanism that can be applied to

photo-, thermal, and mechanical degradation, conventional antioxidants except for N,N′-diaryl-PPDs
provide very little protection against ozone attack [408]. Similarly, N,N′-dialkyl-PPDs which are
effective antiozonants give little protection against thermooxidation [408]. Even so, there have been
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specifically designed compounds, which are derived from an N,N′-substituted PPD and also have an
ether or thioether structure. These compounds are of value in elastomeric compositions where they
prevent adverse effects due to both oxygen and ozone [443, 444]. It is interesting to note that the
most effective antiozonants are also effective antifatigue agents and conversely the molecules that do
not act as antiozonants are worse antifatigue agents [410]. In particular, PPDs protect polymers not

PT

only from ozone cracking but also from autoxidation and mechanical fatigue [410]. This dual
protection is quite unexpected since the fatigue degradation is due to mechanooxidative ageing
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(discussed in Section 11).

The scavenger theory is believed to be the most important mechanism of antiozonant action,
which states that the antiozonant diffuses to the surface and preferentially reacts with ozone, with the

U

result that the rubber is not attacked until the antiozonant is exhausted [246, 408, 409, 414, 441].

N

Based on this mechanism [408, 409, 441], faster reaction between the antiozonant with ozone

A

provides better protection. The rates of reaction between ozone and an antiozonant (in particular

M

PPD) are typically one to two orders of magnitude higher than the rates for diene elastomers [409,

TE

D

416].
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6. Hydrolytic degradation and stabilization of polyurethane

CC

elastomers

A

6.1. Hydrolytic degradation of polyurethane elastomers
As discussed in Section 2.2, most PUs except for those derived from polyester diols display

excellent hydrolysis resistance. In particular, PEtUs display superior hydrolysis resistance to PEsUs
[31, 52-54]. The statements here also apply to the hydrolysis of PUs in inorganic salt solutions

97

(typically seawater) as most inorganic salts do not affect the degradation of PUs [445]. PBUs are also
considered to be hydrolytically stable, although not as good as PEtUs [62].

6.1.1. Hydrolytic degradation of poly(ester-urethane)s
Error! Reference source not found. shows the hydrolysis reaction for PEsUs [446]. Water can

PT

react with a carboxylic ester link in the PEsU chain. The reaction breaks the polymer chain at the
point of attack, producing two shorter chains. One of these chains ends in a hydroxyl group (-OH).
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The other end is a carboxyl group (-COOH), which is acidic [446, 447]. This acidic carboxyl group
speeds up the further hydrolysis of the polyester segments in the PEsU, and the degradation becomes

Hydrolysis of poly(ester-urethane)s. [446], Copyright 1973. Adapted with permission from John Wiley

D

Figure 39.
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autocatalytic [446, 448].
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& Sons Inc.
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The urethane linkage may also be hydrolysed to give an alcohol, an amine, and carbon dioxide
[59, 446, 447, 449]; and urea bonds could be hydrolysed into two amines and carbon dioxide [59].

CC

However, ester linkages hydrolyse at about an order of magnitude faster than urethane linkages; and
urea linkages hydrolyse faster than urethanes, although under slightly acidic conditions [59].

A

Therefore, unless a PEsU elastomer contains special sterically hindered carboxylic ester linkages in
its chains, the dominant reaction in its hydrolysis in normal service is the cleavage of the carboxylic
ester groups as shown in Error! Reference source not found. [205, 446, 449, 450]. For example,
Pretsch et al. [451] suggested that hydrolytic chain scission of a commercial PU based on
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poly(adipate) diols, MDI, and 1,4-BDO firstly occurred at the ester linkages and was delayed at the
urethane linkages, which may be either located initially in the interphase or the SS phase and finally
in the crystalline HS domains.
The hydrolysis of PEsUs is acid-catalysed [448]. It is noteworthy that polyester diols are
typically acidic due to incomplete esterification in their preparation [446, 449]. While most of the

PT

polyester diols formed terminate at both ends in hydroxyl (-OH) groups and have zero acid number,
as intended, frequently a few of the polyester diols formed terminate at one end of the chain in free,
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unesterified carboxyl (-CO2H) groups. These carboxyl groups are acidic, and their level is

represented by the acid number of the polyester diol [446, 449]. The macrodiol acidity adversely
affects the hydrolysis stability of derived thermoplastic PEsUs in proportion to the degree of acidity

U

[446, 449, 452]. Similarly, the hydrolysis of PEsUs can also be exacerbated by increasing the acidity

N

of the solution [450].

A

It has been shown that under humid ageing at 80 °C and 95% relative humidity, the hydrolytic

M

stability of PEsUs based on different polyester diols follows the order: PEA diol < poly(1,4-butylene

D

adipate) (PBA) diol < PCL diol [21]. While all these PEsUs show decreased tensile strength with

TE

time due to hydrolytic degradation, the PTMEG-based PEtU experienced little change in tensile
strength up to 5 weeks [21].

EP

Unlike esters prepared from diacids and diols, PCL is synthesized by ring opening of the cyclic
caprolactone monomer [453]. The hydrophobicity of PCL may also allow it to control the overall

CC

hydrolytic stability of the resultant PUs, especially with the HS being more hydrolytically sensitive
than PCL [454]. Han et al. [454] synthesized a PU elastomer using lysine diisocyanate (LDI), PCL,

A

and 1,4-BDO. It was found that the mass loss and the water uptake of this PU in PBS at 50 °C
decreased with increasing the PCL SS content, which could be ascribed to the hydrophobicity of
PCL in comparison with the polar HS [454].
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The hydrophilicity/hydrophobicity of the polyester component plays a major role in the stability
of PEsU elastomers. It has been shown that, with an increase in the concentration of methylene
groups relative to other groups in the polymer chains, such as ester and urethane groups, the derived
PUs (based on, e.g., PCL diol or poly(adipate) diol) would be expected to be increasingly
hydrophobic and thus more hydrolysis resistant [446, 449, 455]. The effect of increasing methylene

PT

groups relative to other groups has been shown for PU elastomers based on polyether macrodiols.
Gunatillake et al. [455] prepared novel PU elastomers based on 4,4′-MDI, 1,4-BDO, and polyether
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macrodiols such as polyhexamethylene glycol (PHMG), polyoctamethylene glycol (POMG), and

polydecamethylene glycol (PDMG). These polyether macrodiols have 6, 8, or 10 methylene groups
between the ether oxygens, respectively. The new PUs were demonstrated to be more resistant to

U

neutral, acid (2 M HCl) and basic (5 M NaOH) hydrolysis at 100 °C than were PTMEG-based

N

materials [455]. Similarly, by testing the hydrolytic degradation of different PEtUs, Kim and Kim

A

[456] suggested that hydrolytic degradation decreased with the increase of carbon chain segments in

M

the macrodiol.

Incorporation of extracellular matrix components such as chondroitin sulphate (CS) and

TE

D

hyaluronic acid into a PEA/4,4′-MDI/EG-based PU was found to increase the hydrophilicity and
favor the hydrolytic degradation [447]. However, contrary to this, Liu et al. [457] prepared aliphatic

EP

PEsUs based on PCL with surface-grafting of hydrophilic polyethylene glycol (PEG), which
maintained their mechanical properties for more than six months and only lost 25% weight after 18

A

CC

months in PBS (pH = 7.4).

6.1.2. Hydrolytic degradation of poly(ether-urethane)s
The superior performance of polyethers over polyesters is well known where hydrolytic stability
and fungicidal resistance is concerned [3, 21, 53, 56]. Polyether components are usually highly stable
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under normal moist conditions [6]. For example, Davies and Evrard [458] found that two commercial
PEtU samples with two hardnesses (40 and 90 Shore A) retained 100% of their initial tensile
properties after five years of immersion in the real sea and estimated that the timescale for 50%
property loss at sea temperatures would be more than 100 years [458]. Chaffin et al. [459] studied
the in-vitro hydrolysis of a commercial PEtU (Elasthane™ 80A, DSM Biomedical) in neutral pH and

PT

deoxygenated PBS at temperatures ranging from 37 °C to 85 °C. They suggested that the only
obvious backbone chain-scission event occurred at the urethane (carbamate) linkages. Even though
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PEG-based PUs are highly hydrophilic [83], potentially resulting in the absorption of water to the

bulk material, the ether component is still more resistant to hydrolytic degradation than polyesters
used in PUs [460].

U

Conditions that are more aggressive may still cause chemical changes to the polyether

N

components of PUs. Simmons [461] found that autoclaving (with saturated steam at 121 °C for a

A

minimum of 15 min at a pressure of 115 kPa) adversely affected the chemical and mechanical

M

properties and biostability of a commercial PTMEG-based PU (Pellethane® 2363-80A, Dow

D

Chemical Co., USA). The high temperatures and moist environment created by the autoclave

TE

sterilization process might promote chain scission, leading to decreased ultimate tensile strength
[461]. Le Gac et al. [462] investigated the effect of ageing of a commercial PEtU in natural seawater

EP

under hydrostatic pressure up to 100 bars at temperatures ranging from 70 to 120 °C. Again, the
results indicated that hydrolysis led to chain scission in the samples and thus induced a large

CC

modification of tensile behavior. Additionally, Stevenson and Kusy [450] suggested that the
degradation of Pellethane® 2363-80A under the combined effects of an increase in acidity, oxygen

A

content, and temperature for up to 100 days was dominated by a crosslinking mechanism, leading to
increased M.
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6.1.3. Hydrolytic degradation of poly(ester-ether-urethane)s
It has been shown that, compared with PEG-based PUs, PCL-based polymers display
significantly higher contact angles, indicating greater surface hydrophobicity [83]. Considering the
different properties of PCL and PEG, quite a few studies [463-469] have focused on PU elastomers
based on PCL blended with PEG for tailored hydrolytic stability (as well as other properties such as

PT

transparency, tensile strength, and processibility). The use of hydrophilic moieties like PEG together
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with a hydrolytically unstable SS like PCL or poly(adipate-ester)s increases the degradation rate

[453]. The presence of PEG in the PU could facilitate water absorption and account for the initial
hydrolysis of the polymer [470]. In-vivo water absorption of the bulk polymer is increased by the

U

presence of the hydrophilic PEG, which exposes the hydrolytically unstable segments to a higher

N

average water concentration while increasing the polymer’s permeability. This bulk property change

A

results in faster cleavage of unstable ester bonds [453]. In contrast, a higher PCL content, or a lower

M

PEG content and/or M could lead to an increase in the bulk hydrolytic stability and a reduction in the
mass and M loss of the polymer in PBS (pH 7.4) or Tris-buffered saline (TBS) solutions (pH 7.4 or

D

8.0) [463-468, 471].

TE

In some studies [472, 473] where a PCL-PEG-PCL triblock copolymer or a poly(CL-co-LA)PEG-poly(CL-co-LA) was used as the macrodiol component, increasing the PEG chain length or

EP

decreasing the PCL chain length in the triblock segment could increase the water absorption and

CC

degradation rate of the resulting PUU in PBS (pH 7.4). Hydrolysis-sensitive chemical bonds in the
segment could further influence the hydrolytic stability of PUs [474]. Zhou et al. [474] indicated that,

A

for PUs formulated with a PCL-hydrazone-PEG-hydrazone-PCL macrodiol, the hydrazone bond in
the polymer chain was more easily cleaved in acidic media.
PU networks based on castor oil (containing ester groups) and PEG with tuneable biodegradation
were synthesized through the reaction of epoxy-terminated PU prepolymers (EPUs) with 1,6hexamethylene diamine curing agent [475]. Still related to the hydrophilicity of the chemical
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composition, increasing the PEG-based EPU content was observed to cause an increase in the
hydrolytic degradation rate of this PU [475].
All these studies have shown that the hydrophilicity/hydrophobicity of the macrodiol part plays a

PT

major role in controlling the overall hydrolytic stability of PUs.

6.1.4. Effect of isocyanate and chain extender
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As discussed in Section 6.1.1, the urethane and urea linkages normally undergo hydrolysis quite
slowly. The HSs are usually hydrophobic and difficult to degrade, thus inhibiting the penetration of
water into the material. For PCL-based PUs, the use of an aliphatic diisocyanate (4,4′-H12MDI and

U

HDI) instead of an aromatic diisocyanate (4,4′-MDI) was found to increase the hydrolytic

N

degradation of PEtUs [456]. In the case of PCL/HDI-based PUs, the diisocyanate is too flexible to

A

form HSs, and this is considered to be the reason for their high hydrolytic degradability [456].

M

Similarly, Ibarra et al. [476] reported that the hydrolytic degradability of PUs based on castor oil

D

depends on the isocyanate used (HDI > 4,4′-H12MDI > TDI). Jia et al. [477] investigated the in-vitro

TE

degradability (PBS, pH 7.4) of two aliphatic segmented PEsUs based on poly(CL-co-LA) diol and
two novel aliphatic urethane diisocyanate chain extenders (HDI-BDO-HDI and HDI-BDO-HDI-

EP

BDO-HDI, respectively). Given that there were more urethane groups in the longer HSs, these could
form more hydrogen bonds not only among urethane groups but between urethane and ether groups,

CC

which strengthened the interchain attraction and gave a more compact network structure, resulting in

A

slower hydrolytic degradation (∼67 days) and lower water absorption (∼4 wt.%) [477].
ChExs, especially those that are hydrolytically sensitive, could also play a major role in

controlling the overall hydrolytic stability of PU elastomers. Guan et al. [478] synthesized a PUU
from PCL and 1,4-diisocyanatobutane, with lysine ethyl ester (Lys) or putrescine as the ChEx.
Incubation in PBS (pH 7.4, 37 °C) for 8 weeks resulted in a mass loss, from >50% (lysine ChEx) to

103

10% (putrescine ChEx) [478]. Regarding this, the hydrolysis of the ethyl ester to exposed carboxyl
groups in the lysine-ethyl-ester-extended PEUUs might have served to catalyse the hydrolysis of the
PCL SS [478]. Similarly, in a recent patent on biodegradable PUs and PUUs for tissue engineering,
the design of the materials is based on the use of chain extenders including functional monomers
with degradable arms [479] or based on ester diols of hydroxyl acids or dicarboxylic acids [480]. For

PT

example, a PU based on LDI and a glycolic acid-based macrodiol and ChEx degrades to
bioresorbable glycolic acid, lysine, ethylene glycol and ethanol [479]. Tatai [481] developed a
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degradable ChEx based on D,L-LA and EG to accelerate the HS degradation of PUs. As a result, the
PCL-based SS appeared to undergo little change whereas the PU HS was highly susceptible to invitro degradation (0.1 M PBS, pH 7.4±0.2 at 37 °C), with the mass loss being directly proportional to

U

the HS weight percentage. Zia [482] compared the hydrolytic degradation of PCL-based PUs in PBS

N

(pH 7.4), using chain extension to vary the mass ratios of chitin and 1,4-BDO. The hydrolysis rate of

A

the PU was found to increase with the chitin content [482], which could be attributed to the high

D

M

hydrophilicity of chitin.

TE

6.1.5. Effect of temperature (hydrothermal treatment)

EP

In many studies of the hydrolysis of polymers, testing temperatures higher than room temperature
but lower than the melting temperature have been applied for accelerated hydrolytic degradation,

CC

usually referred to as “hydrothermal treatment”. Increased temperature may facilitate the absorption

A

of water by PUs [483]. In addition, higher temperature may slightly increase the solubility of PU in
water [451]. More importantly, a higher temperature will result in more severe hydrolysis of PUs
[450, 462, 484]. Even for PEtUs tested under the combined effects of increased acidity, oxygen
content and temperature, the increase in temperature had the greatest effect of any of the single
variables investigated [450].
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The hydrolysis reaction of PUs can be modelled using a first-order reaction with an Arrhenius
equation to describe temperature dependence [459, 462]. The use of an Arrhenius model also allows
the prediction of the time required for a certain degree of mechanical reduction for PUs [458, 459],

PT

which is a very convenient approach for practical applications.

6.1.6. Effect of hydrolysis on the structure and properties of polyurethane elastomers
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For PUs, especially those that are relatively hydrolytically stable (based on, e.g., acrylic

macrodiols [379], polyether diols [462], or PCL [484, 485]), the immediate changes caused by water
are physical changes, mainly due to absorption. The penetration of water into the polymers may

U

cause voids [202, 484]. For PCL-based PUs, the uptake of water reduced the Young’s modulus [451],

N

decreased the elastic modulus and the stress at 200% strain [484, 486], and reduced Tg [486]. Slater

A

et al. [483] suggested that water could also act as a plasticiser, resulting in a larger degree of

M

compression set for a thermoplastic PU (formulation unknown).

D

For a PU based on poly(adipate) diols, MDI, and 1,4-BDO aged in deionised water at 80 °C,

TE

Pretsch et al. [451] suggested that there was an initial induction period, where water diffuses quite
rapidly into the polymer matrix, with minor changes to the mechanical properties occurring due to

EP

the water uptake. Following that, the hydrolytic degradation of SSs caused a decrease in phase
separation and deterioration of the mechanical (tensile) properties of the materials [451]. Finally,

CC

ageing led to the third phase, where substantial degradation of SSs and access of water to the HS

A

increased the phase separation again. The material became brittle and was slowly destroyed by
surface erosion [451].
For a commercial PEtU, Baytec MS-242® (Bayer Material Science LLC, USA), it was reported

that the tearing energy suffered a nearly 50% reduction after 5 months of hydrothermal ageing
(ASTM D1183-05) [204, 205]. The storage modulus decreased by 15% by Month 5 [204]. Although
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scanning electron microscopy (SEM) could not find any apparent change in appearance [204], the
changes in mechanical properties could be due to chain scission under severe conditions as discussed
in Sections 6.1.2 and 6.1.5.

PT

6.2. Stabilization of polyurethane elastomers against hydrolytic
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degradation by polymer modification

When choosing the macrodiol component for the preparation of PUs, avoiding the use of
polyester diols will generate PU elastomers with better hydrolytic stability. If PEsUs do need to be

U

used, using PCL diols could be a preferred choice for better hydrolytic stability compared with other

N

polyester diols [23, 31]. It was shown that PU films based on N-alkylated oligomeric polyamides are

A

more hydrolytically stable than PEsUs, although not as good as are PEtUs [487]. Compared with

M

PEsUs, PCUs and PEtUs present much better resistance to simple hydrolysis (e.g., in PBS at room
temperature) [56, 488]. The hydrolytic stability of PC is probably due to its low water permeability,

D

which is attributed to the rigidity of the polymer chains [56]. Again, it should be noted that the PCUs

TE

discussed here are different from the common BPA-based PCUs, which usually show poor

EP

hydrothermal stability [43].

Research has shown that PIBUs exhibit unprecedented hydrolytic stability, which is better than

CC

other types of PUs (PEsUs, PEtU, PCU, and silicone/polyether-based PUs) [64, 69, 73, 185]. Their
outstanding hydrolytic/oxidative stability could be ascribed to the continuous, nonpolar, chemically

A

inert PIB SS, which is an effective barrier to the diffusion of water or other chemicals [69] and can
envelop hydrolytically vulnerable segments (including urethane linkages) [64, 73]. Hydrolytic
vulnerability is inherent in segmented PUs and mainly occurs at carbamate groups situated at the
interface between the HS and SS [73]. As an example of a PU with a PIB SS, Jewrajka et al. [69]
reported that after being submerged in boiling water for 15 days, PIBUs experienced insignificant
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changes in mechanical properties and no change in appearance, which was a much better outcome
than for Bionate® (DSM), a commercial PCU based on PHMC diol. Kang and Kennedy [73] also
demonstrated that, under accelerated conditions (85 °C in buffer solutions, pH = 1.0, 7.4, and 11.0), a
PU prepared from a PIB diol, 4,4′-MDI, and 1,4-BDO exhibited lower water absorption and far
superior hydrolytic stability than a commercial polydimethylsiloxane (PDMS)/PHMG-based PU,

PT

Elast-Elon™ (AorTech International Plc, UK; marketed for high bio- and hydrolytic stability).
Crosslinking may also increase the hydrolytic stability of PUs. Crosslinking, leading to an
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increase in the size of macromolecules, provokes insolubility of the elastomer [489]. Rutkowska et al.
[54] demonstrated that for PEsUs based on either poly(ethylene-butylene-adipate) or PCL, the
enhanced hydrolysis resistance against seawater was mainly due to the high level of crosslinking by

U

allophanate and biuret bonds (Error! Reference source not found.), which largely reduced the

N

swelling of the materials [54]. Jayabalan et al. [490] compared the hydrolytic stability of PUUs

A

synthesized using 4,4′-H12MDI, HTPB and m-phenylenediamine [benzene-1,3-diamine] with a PU

M

prepared with 4,4′-H12MDI, HTPB, and 1,4-BDO in Ringer’s and PBS solutions (pH = 7.4). The

D

results suggested the PUUs were more resistant to hydrolytic degradation, which was ascribed to the

A

CC

EP

TE

highly ordered HSs due to increased hydrogen bonding among urea linkages.

Figure 40.

Structure of allophanate and biuret bonds. [54], Copyright 2002. Adapted with permission from
Elsevier Ltd.
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The introduction of side chains into the PU backbone can also enhance the hydrolytic stability of
PUs [86, 400, 485, 491]. PUs prepared from polyester diols with alkyl side groups may even have
better hydrolytic stability than PEtUs [400, 491]. Regarding this, poly(2,4-diethyl-1,5pentamethylene adipate) glycol (PDEPA) and poly(3-methyl-1,5-pentamethylene adipate) glycol
(PMPA) were shown to be more stable than linear poly(1,5-pentamethylene adipate) [491], and

PT

poly(2,4-diethyl-1,5-pentamethylene adipate) glycol (PDPA) could have superior stability compared
to PBA diol [492].
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Hydrolytic stability may also be improved by surface modification. It was reported that, for PU
films based on PDPA or poly(2,4-diethyl-1,5-pentamethylene-1,4-cyclohexane dicarboxylate) glycol
(PDPCD), the use of a fluoro oligomer could allow the formation of a fluoro-rich layer at the free

U

surfaces, which increases the contact angle/hydrophobicity [493].

N

The type of isocyanate used could also influence the hydrolytic stability. As discussed already,

A

compared with aliphatic isocyanates such as HDI, aromatic isocyanates such as 4,4′-MDI could be

M

better for the formation of HSs, which are responsible for reduced hydrolytic degradability [456].

D

For PEsUs, it is possible to reduce the hydrolytic sensitivity of the polyester component by

TE

adjusting the chemistry of the ChEx. For example, in poly(lactic acid) (PLA)-based segmented PUs,
alkaline ChExs (piperazine and 1,4-butanediamine (BDA) [butane-1,4-diamine]) could neutralize the

EP

acidity of hydrolysis products formed form, and the hydrolytic sensitivity of the polyester bonds in

A

CC

double distilled water and PBS (0.1 M, pH = 7.4) [377].
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6.3. Stabilization of polyurethane elastomers against hydrolytic
degradation using stabilizers

6.3.1. Organic stabilizers
A very effective class of materials for the stabilization of PUs, especially PEsUs, against

PT

hydrolytic degradation are poly(carbodiimide)s [446, 449, 494]. Error! Reference source not found.
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shows one type of sterically hindered, aromatic poly(carbodiimide) structure and the proposed

mechanism of the carboxyl-carbodiimide reaction [446]. The carboxyl group when formed during
hydrolysis adds across one C=N double bond of the carbodiimide group to form a transitory

U

intermediate. Subsequent rearrangement leads to the formation of a stable, neutral, N-acyl aromatic

N

urea structure. Thus, the carboxyl group can been chemically neutralised and bound into the

A

poly(carbodiimide) structure, which prevents autocatalysis of the hydrolysis reaction [446, 449].

M

Since each stabilizer molecule contains several carbodiimide groups, broken polymer chains that

A

CC

EP

TE

D

terminate in carboxyl groups can be repaired via chain extension/crosslinking [446, 449].

Figure 41.

Reaction of a poly(carbodiimide) with carboxyl groups. R and R′ are small alkyl groups. [446],
Copyright 1973. Adapted with permission from John Wiley & Sons Inc.
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6.3.2. Inorganic stabilizers
An early patent [495] has shown that the addition of small amounts of acidic silica can improve
the hydrolytic stability of PUs. The additive can be micronised silica (average diameter 20 μm) made

PT

hydrophobic by silicones absorbed or coated onto the surface of the silica particles [495]. Inorganic
fillers such as calcium carbonate, glycerol phosphate calcium salt, and hydroxyapatite were also
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reported to inhibit the hydrolytic degradation of PEG/PCL-based PUs in PBS (pH = 7.4) [471]. The
incorporation of ZnO nanoparticles into PU formulations has also been found to be effective in
protecting the PU material against hydrolytic degradation in NaCl solution [293, 296, 496]. Silver

U

nanoparticles were also reported to be effective in stabilizing PEsUs [447]. During hydrolysis,

N

increased hydrogen bonding and crystallinity were observed, especially for silver nanoparticle-

D

M

A

stabilized PU matrices [447].

TE

7. Chemical degradation of polyurethane elastomers

EP

7.1. Chemical degradation by inorganic compounds

CC

The hydrolytic degradation of PU elastomers in mild acids or in solutions of common inorganic
salts (e.g., seawater and PBS) have been discussed in Section 6. These hydrolysis conditions

A

normally show little-to-no effect, however, if the acidity or alkalinity is high, the rate of hydrolysis
of the PU will be increased, with the temperature playing a large part in the increased rate [445]. For
example, Motokucho et al. [497, 498] showed that degrees of hydrolysis up to 98% for PUs based on
either HDI, IPDI, or 4,4′-MDI could be achieved at 190 °C for 24 h at 8.0 MPa CO2 pressure (which
generates carbonic acid). In addition, strong acids have different forms of attack. Sulphuric acid will
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dehydrate the structure whereas nitric acid will oxidize it [445]. Peroxides (typically hydrogen
peroxide) and bleach (sodium hypochlorite), especially at high concentrations, could also degrade
PU elastomers [445] due to, in most cases, their oxidising properties.
Mejis et al. [499] examined the in-vitro degradation of a medical-grade PTMEG-based PU
elastomer, Pellethane® 2363-80A (Dow Chemicals), using 25 wt.% H2O2 at 100 °C with external

PT

strain. Treatment for up to 336 h led to significant decreases in ultimate tensile properties and
decreases in M [499]. Hydrogen peroxide-induced degradation was found to result in greater order in
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the HSs and increased mobility in the SSs. The SSs underwent chain scission and no evidence of
crosslinking was found [499, 500]. The incubation of Pellethane® 2363-80A in nitric acid also

resulted in a sharp decrease of the melting temperature of its HSs, with chain scission mechanisms

U

reported [500].

N

Some work has been undertaken to monitor the stability of PU elastomers with different

A

structures in strong acids or alkalis or under oxidative environments. Gunatillake et al. [455] found

M

that PUs based on 4,4′-MDI, 1,4-BDO and polyether macrodiols that have 6, 8, or 10 methylene

D

groups between the ether oxygens (PHMG, POMG, and PDMG) showed significantly higher

TE

tolerance to H2O2 (25%) and NaClO (4% chlorine) solutions at 100 °C for 24 h, compared with a
PTMEG-based counterpart. Chan-Chan et al. [501] demonstrated that under either acidic (2 N HCl)

EP

or alkaline (5 M NaOH) conditions, PCL/4,4′-H12MDI-based segmented PU elastomers experienced
degradation of the PCL part irrespective of the degrees of phase separation and crystallinity resulting

CC

from the use of different ChExs (1,4-BDO or dithioerythritol [(2R,3S)-1,4-bis(sulfanyl)butane-2,3diol] (DTE)). However, an oxidative environment (H2O2 30 wt.%) did not affect the SS of these PUs

A

severely but attacked the rigid segments [501].
It has been shown that PCUs normally present better overall stability to chemical oxidants than

PEtUs [65, 500, 502, 503]. Faré et al. [502] showed that, under oxidative conditions (0.5 N HNO3,
pH 0.3; or NaClO, 4% Cl2 available, pH ≈ 13 at 50 °C for 15 days), Pellethane® 2363-80A
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experienced more degradation than commercial PHEC-based PUs (Corethane 80A and Corethane
55D, Corvita Co., USA) and PUU (Coremer™, Corvita Co., USA). Tanzi et al. [503] examined
different PCU and PEtU products under strong acidic (0.5 N HNO3, pH 0.3, oxidation potential E =
0.96 V) or alkaline (0.5 N HNO3, pH 0.3, oxidation potential E° = 0.96 V) oxidative conditions for 7
days and in the presence of constant strain. While PCUs such as Corethane 80A (Corvita, Co.) and

PT

ChronoFlex® AL 80A (CardioTech International) were more affected by the acidic oxidative agent,
the PEtU Pellethane® 2363-80A was degraded more in the alkaline oxidative condition in the
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absence of uniaxial stress [503]. It was reported that the oxidative stability of PCUs could be further
enhanced by the integration of polyhedral oligomeric silsesquioxane (POSS) nanocores into the HS
to create a novel nanocomposite [504]. These nanocores could shield the SS of the PCU from all

U

forms of degradation while maintaining their elasticity [504].

N

PIBUs not only exhibit excellent hydrolytic stability (discussed in Section 6.2), but also have

A

strong oxidative stability and chemical resistance [65, 69]. For example, Jewrajka et al. [69] revealed

M

that PIBUs only showed slight yellowing upon exposure to concentrated nitric acid (12%) for 12 h,

D

whereas Elast-Elon™ (a PDMS/PHMG-based product) and Bionate® (a PCU) when treated under

TE

the same conditions completely degraded. The high oxidative stability of PIBUs could be due to the
presence of the continuous nonpolar PIB matrix, which could effectively shield the diffusion of

EP

water and concentrated nitric acid [69].

Takahara et al. [505, 506] reported that PEtUs based on PEG or PTMEG were susceptible to

CC

molecular chain scission due to oxidation in 0.1 M AgNO3 solution at 75 °C. The ether linkage was
found to be particularly susceptible to oxidation, which was responsible for surface cracking and the

A

largely reduced mechanical strength [505, 506]. PUs that are stable in oxidative and lipid solutions
can be prepared from macrodiols containing a linear aliphatic structure, such as hydrogenated PBUs
and “Biostable PUR” (a PU based on an aliphatic SS containing no ether linkage, Metronic Inc.)
[505, 506].
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7.2. Chemical degradation by organic compounds
Cast PU elastomers (containing primary crosslinks contributed by slightly branched polyesters or
polyethers) normally have outstanding resistance to aliphatic hydrocarbon fuels and oils [423].

PT

Organic chemicals that typically cause swelling and degradation of castable PU elastomers include
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alcohols, organic acids, ketones, and esters [445]. In addition, aromatic hydrocarbons such as toluene
can cause swelling, and at higher temperatures, a slow breakdown of the polymer [445, 507]. On the
other hand, although thermoplastic PU elastomers (with the absence of primary crosslinks) are

U

insoluble in most common solvents, they are soluble in highly polar solvents such as

N

dimethylacetamide [423].

A

Troev et al. demonstrated that phosphoric acid esters such as dimethyl phosphite

M

[dimethoxy(oxo)phosphanium] [508-511], diethyl phosphite [diethoxy(oxo)phosphanium] [512],
triethyl phosphate [513, 514], tris(2-chloroethyl) phosphate [514], and tris(1-chloropropan-2-yl)

D

phosphate [512] could convert PEsU and PEtU elastomers into liquid at a temperature between

TE

142 °C and 190 °C. The liquefaction was proposed to result from an exchange reaction between the
ethoxy groups of phosphorous acid esters and the urethane groups [509-514]. The rate of the

EP

exchange reaction depended on the type of the α-carbon atom of the degrading agents [512]. The

CC

degraded products were phosphorus- or phosphorus and chlorine-containing oligourethanes [509,
511-514].

A

Increasing the degree of crosslinking can also enhance resistance to organic solvents [54].
Rutkowska et al. [54] demonstrated that, for PEsUs based on poly(ethylene-butylene-adipate) or on
PCL, the high degree of crosslinking by allophanate and biuret bonds (Error! Reference source not
found.) could lower the swelling degree of the materials in either acetone [propan-2-one] or
tetrahydrofuran [oxolane] (THF).
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Seneker et al. [515] studied the solvent resistance of PEtU elastomers based on PTMEG and 4,4′H12MDI with different contents of trans,trans-, cis,trans-, and cis,cis-isomers. Different solvents
were used such as N-methylpyrrolidinone [1-methylpyrrolidin-2-one] (NMP), N,Ndimethylformamide (DMF), THF, isopropanol [propan-2-ol], or dimethyl sulfoxide
[methylsulfinylmethane] (DMSO). Increasing the trans,trans-isomer content was found to increase

PT

the solvent resistance of PU elastomers, which could be ascribed to the unique packing of the
trans,trans-H12MDI isomer leading to highly ordered HSs and better HS/SS phase separation [515].
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Biomedical applications, in particular, require PU elastomers with minimal lipid-induced

swelling and degradation [505, 506, 516-518]. Lipid adsorption was observed to be less severe in
Corethane 80A (a PCU) than in Pellethane® 2363-80AE (a PEtU) [505, 506, 518]. PUs that are

U

stable in oxidative, hydrolytic, and lipid solutions can be prepared from macrodiols containing a

N

linear aliphatic structure [505, 506, 518]. PDMS-based segmented PU elastomers have also been

A

found to degrade after lipid sorption. The complete degradation of the material might be due to the

TE

7.3. Calcification

D

M

high solubility of the PDMS SS in lipid solutions [518].

EP

Calcification (formation of various types of calcium phosphates such as apatite) is a well-

CC

documented event in various medical devices, especially in those used in the cardiovascular field [20,
59, 519-524]. In fact, calcification is the leading macroscopic cause of failure for most prosthetic

A

heart valves and blood pumps, limiting the functional lifetime of the device by the loss of elasticity
in PU parts [7, 20, 519, 525-527].
In-vitro calcification experiments usually rely on the use of simulated body fluid (SBF), which is
supersaturated with the ions necessary to form inorganic calcium deposits on the surfaces of
bioactive biomaterials in vivo [528-530]. Calcification has been found to occur primarily on the
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surface of PU materials, without affecting the bulk microphase structure [531]. Studies [488, 531]
have shown that PEtUs had a high propensity to calcify. Pellethane® 2363-80A, which had a higher
ether content, was shown to have more surface deposits and greater levels of calcium than a PHMGbased PEtU and PCUs (Corethane 80A and ChronoFlex® AL-80A) [488]. This difference may be
due to the different chemical composition of their SSs affecting their ability to attract Ca2+ ions [531].

PT

Along with this, it was shown that a fully aliphatic, ether-free, physically cross-linked, PB-based
PUU was resistant to calcification [532]. The susceptibility of PUs to calcification was found to
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increase with the material hydrophilicity [465, 471]. A higher PEG content in PEG/PCL-based PUs
was observed to induce a higher degree of calcification [465, 471]. In addition, metal ions such as
Mg2+ and Fe3+ were shown to be able to inhibit pathological calcification in PU implants [533], with

A

N

U

calcification also being overcome by blending a PU with silk fibroin [534].

M

8. Enzymatic degradation and stabilization of polyurethane

TE

D

elastomers

8.1. General discussion on enzymatic degradation of polyurethane

EP

elastomers

CC

The understanding of enzymatic degradation of PU elastomers is of particular importance to the
biomedical application of these materials. One of the reasons includes the action of monocyte-

A

derived macrophages (MDMs) on foreign substances such as PU implants in the form of chronic
inflammatory response, in which esterases are produced [36]. The biologically active molecules
released by MDMs in this activated cell system may be material dependent [36]. Nevertheless,
cholesterol esterase (CE) has frequently been selected as a model hydrolytic enzyme because it
represents an enzyme that is present in increasing levels as human monocytes differentiate into
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macrophages [535]. CE has been identified as the most active enzyme in PU degradation [536]. In
addition, some proteases such as lipases, papain and urease have also been used in the study of the
enzymatic degradation of PU elastomers. Lipases perform essential roles in the digestion, transport,
and processing of dietary lipids in most living organisms. Papain, a proteolytic enzyme, although
being a nonphysiological enzyme [537], is known to be closely related to Cathepsin B, a thiol

PT

endopeptidase that is released by the cells during inflammatory response [538]. Urease is found in
leukocytes [538] and is responsible for urea hydrolysis.
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The ability of the enzyme to adsorb onto the surface in a conformational state that will permit

cleavage of the polymer is important in determining the relation between biomaterial chemistry and
the stability of the material in the biological environment [539]. The stability of PU elastomers

U

against enzymatic hydrolysis has been found to depend on the hydrophilicity of the SS component

N

[505, 540]. In particular, a PU with hydrophilic PEG segments was more susceptible to enzymatic

A

hydrolysis (in papain solution) than PTMEG- and PB-based PUs [518]. In this case, the dissociation

M

of urethane linkages was also evident. [518]. It has been shown that PUs prepared from macrodiols

TE

D

containing a linear aliphatic structure are stable in enzyme solutions [505, 518].

EP

8.2. Enzymatic degradation of poly(ester-urethane) elastomers

CC

PEsUs are usually readily degraded by enzymes, due to hydrolysis of the ester linkages [21, 541,
542]. Nonetheless, Kim and Kim [456] suggested that the hydrolytic and enzymatic (Candida

A

cylindracea lipase) degradation of PEsUs could be restricted by increasing hydrophobicity and HS
formation. This could be accomplished by increasing the length of the carbon chains in the macrodiol
and/or by using aromatic diisocyanates instead of aliphatic diisocyanates. In this case, the HS,
especially in crystalline structures, is difficult to degrade, because it is usually hydrophobic and
therefore inhibits the penetration of water into the material [456].
116

For biomedical applications, using PCL as the SS for the synthesis of PUs confers
biodegradability [454, 474, 543]. Additionally, the use of LDI [454, 474], putrescine [468, 472, 478,
544] and/or L-lysine [543] as the ChEx could allow the formation of degradation products that are
likely to be nontoxic. For enzymatic degradation (in PBS with Lipase AK), mass loss was found to
increase with a higher PCL fraction [474]. PEG may be incorporated into such PU systems to give a

PT

higher overall hydrophilicity and water absorption, thus facilitating the enzymatic (Lipase AK)
hydrolysis [543].
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PCL-based PEsUs can be quickly degraded in the body by enzymes such as lipases [474, 507,
545]. Lipase AK was found to interact only with the PCL SS in these polymer structures [543].
According to Tetsufumi et al. [507], the degradation of a PCL/norbornene diisocyanate-based PU

U

occurred rapidly in the presence of Candida antarctica lipase in toluene at 60 °C, leading to

N

oligomers with M less than 500 [507].

A

For PCL-based PEsUs, the use of aliphatic diisocyanates (e.g., 4,4′-H12MDI and HDI) instead of

M

aromatic diisocyanates (e.g., 4,4′-MDI) was also found to increase the hydrolytic degradation of

D

these PEsUs in a Candida cylindracea lipase solution [456]. In particular, in the case of PCL/HDI-

TE

based PEsU, the diisocyanate could be too flexible to form HSs, which was considered to be the
reason for the high hydrolytic degradability [456].

EP

Several studies have shown that segmented PCL-based poly(ester-urethane-urea)s (PEsUUs) are
susceptible to degradation by inflammatory cell-derived enzymes such as CE, elastase, and

CC

carboxylesterase, with CE having a greater effect [542, 546, 547]. The degradation rate of these
PEsUs was shown to be significantly higher than that of PTMEG-based PEtUs [542, 548]. The CE

A

activity was found to be greater for PCL-based PEsU substrates that have spacer segments between
potential ester-carbonyl cleavage sites and the rigid ring structure [547].
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8.3. Enzymatic degradation of poly(ether-urethane) and poly(carbonateurethane) elastomers
PEtUs and PCUs are generally more resistant to enzymatic degradation. Christenson [549]
examined the effect of CE on unstrained Elasthane™ 80A (a PEtU) and Bionate® 80A (a PCU) films

PT

for 36 days. Although the concentration of CE (400 U/mL) used was considerably higher than the
estimated physiological level, any effect of enzymatic hydrolysis was confined to the immediate
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surface with only a small loss in surface SS content [549].

In most cases, the action of enzymes is more specific to the HSs of PEtUs and PCUs. Marchant et
al. [550] investigated the degradation of a PTMEG/4,4′-MDI/ethylenediamine (EDA)-based

U

poly(ether-urethane-urea) (PEtUU) elastomer exposed to the proteolytic enzyme, papain, for one

N

month. The results suggested that the degradation of ether linkages was independent of the enzyme,

A

whereas the degradation of urethane and urea groups depended on the presence of papain. Phua et al.

M

[538] found papain was more efficient in degrading Biomer® (a PTMEG-based PU) than urease. It
was proposed that papain has a broader specificity and smaller molecular size than urease and can

D

degrade the polymer by hydrolysing urethane and urea linkages to generate free amines and hydroxyl

TE

groups [538]. Compared to papain, urease is highly specific for urea and biuret linkages. Urease

[538].

EP

degraded the polymer by hydrolysing urea linkages, with the degradation products being free amines

CC

The stability of PEtUs and PCU elastomers strongly depends on the polymer structural features
such as HS content, hydrogen bonding, and crystallinity. It was suggested that urethane linkages in

A

the SS domains of phase-separated PTMEG-based PEtUU could be more prone to cleavage by CE
than the urea/urethane groups in the HS domains [548]. However, Santerre et al. [551] suggested that
the ability of a PTMEG/TDI/EDA-based PU to form HS microdomains may contribute to the
formation of a protective structure, which reduces the rate of CE hydrolysis of the hydrolytically
labile urea and urethane bonds located within the microdomains [551]. Tang et al. [37] proposed that
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increased hydrogen bonding within PCUs led to decreased biodegradation by MDM-associated
esterase. The rank of the different chemical groups’ susceptibility to hydrolysis was as follows: nonhydrogen-bonded carbonate > non-hydrogen-bonded urethane > hydrogen-bonded carbonate >
hydrogen-bonded urethane [37]. They suggested that the crystallinity within the PC phase had less

PT

influence than hydrogen bonding on the hydrolytic stability [37].
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9. In-vivo/in-vitro oxidative degradation and stabilization of
polyurethane elastomers

N

U

9.1. In-vivo/in-vitro oxidative degradation of polyurethane elastomers

A

It has been suggested that oxidation is the primary biodegradation mechanism of PEtUs and

M

PCUs whereas the effect of enzymes is minimal [3, 549, 552-554]. In-vivo oxidative degradation has
been attributed to the reactive oxygen species released from adherent cells [555, 556]. In addition,

D

metal ion oxidation (MIO) has been found to occur for specific PU products used as biomedical

TE

implants. The mechanism involves interaction between the metal of the conductor coil and hydrogen

EP

peroxide [3, 557]. In the case of pacemaker leads, hydrogen peroxide, a known product of
inflammatory cells involved in the foreign body response [558], permeates the outer insulation.

CC

Reaction with the outer conductor coil produces reactive oxygen species through a Haber–Weiss

A

reaction (shown below) and creates metal ion corrosion products [3, 21, 557].

Co2+ + H2O2 → Co3+ + HO− + HO•

Through a similar mechanism, chemical degradation has been shown to occur in PUs by hydroxyl
radicals generated in vitro by the decomposition of hydrogen peroxide with a Co2+ catalyst [552, 559,
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560]. The hydroxyl radical (•OH) is considered to be the strongest oxidant in biological systems and
the H2O2/CoCl2 system has been considered to be an excellent choice to accelerate oxidative
biodegradation for the prediction of long-term biostability in quantitative comparison among current
clinical PUs [3, 549, 552, 554, 561].
As noted previously, PEtUs are prone to oxidative degradation [3, 21, 56]. MIO and

PT

environmental stress cracking (ESC) have been cited as leading causes of PEtU pacemaker lead
failure [557, 559]. Also, several studies [3, 21, 537, 552, 553, 555-557, 562, 563] have demonstrated
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that the polyether SS is susceptible to oxidation after extended periods in vivo. Elastomers that

contain more ether linkages (such as softer compositions) appeared to form microcracks more easily
than elastomers with fewer ether linkages (such as harder materials) [564]. Chemical degradation

U

was more advanced on the outer surface of the PEtU [557]. In-vitro and in-vivo studies showed that

N

oxidation led to chemical changes of PEtUs including the cleavage of polyether SSs and urethane

A

linkages (particularly the urethane bonds joining the HS and the SS) [552, 554, 563, 565-567]. The

M

hydrolysis of aliphatic HSs has also been reported [563] and crosslinking of polyether SSs has been

D

observed [552, 565, 567]. Chain cleavage was found to lead to the development of severe pitting and

TE

cracking of the material surface [552, 565]. Fourier-transform infrared (FTIR) results established the
following susceptibility of the PEtUU linkages to cleavage in vivo: ether > free urethane >> H-

EP

bonded urethane >> urea [552].

The results from a cage implant study and cell culture experiments indicated that monocytes

CC

adhere, differentiate, and fuse to form foreign body giant cells (FBGCs) on both PEtU and PCU [567,
568]. Despite that, in-vivo and in-vitro studies [3, 6, 56, 488, 554, 561, 565, 566, 568, 569] have

A

shown better stability of PCUs against oxidation than for PEtUs. For example, the in-vitro
degradation of Elasthane™ 80A (a PEtU) and Bionate® 80A (a PCU) in a 20% H2O2/0.1M CoCl2
solution for up to 24 days were compared [561, 565]. The PCU underwent less chemical and
physical degradation, even in biaxial fatigue [561, 565, 568] and the degraded surface layer of the
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PCU was much thinner than that of the PEtU [561]. The better oxidative stability of PCUs could be
attributed to their carbonate linkages [568]. However, in-vivo studies [566, 567] indicated that
evidence for chain scission and crosslinking of the surface of Bionate® 80A was still present in the
FTIR spectra of explanted specimens, although occurring at a much lower degree.
The high tendency of PEtUs to degrade via oxidation through the action of reactive oxygen

PT

species released by the H2O2/CoCl2 system (in vitro), or by adherent leukocytes, macrophages and
FBGCs (in vivo), is mainly related to oxidative attack of the SS (Error! Reference source not
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found.a) [3, 557, 561, 562, 567, 570]. Reactive oxygen species abstract an α-methylene hydrogen

atom from the polyether SS [537, 552, 553, 561, 562, 570]. The addition of a hydroxyl radical to the
carbon radical forms a hemiacetal, which oxidizes to an ester [561]. Acid hydrolysis of the ester

U

results in chain scission of the SS and formation of acid end groups [561] [552, 553, 562].

N

Significant chain scission occurs leading to the solubilization and extraction of low-M degradation

M

A

CC

EP

TE

D

crosslinking [552, 561, 571] [552, 553].

A

products [561]. A smaller portion of the chain radicals combine with other chain radicals, resulting in
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Figure 42.

Oxidation of poly(ether-urethane)s and poly(carbonate-urethane)s. [561], Copyright 2004. Adapted
with permission from John Wiley & Sons Inc.

U

α2-Macroglobulin has been identified as a biological component in human plasma that can act as

N

a stress-cracking promoter for the in-vitro oxidative stress cracking of PEtU samples [552, 570]. An

A

additional α2-macroglobulin treatment before H2O2/CoCl2 action was shown to increase the

M

degradation rate and cause greater oxidation to PEtUs [552, 570]. Under such treatment, attack of

D

both α- and β-methylene groups of the polyether segment (Pellethane® 2363-80A or PTMEG/4,4′-

TE

MDI/EDA-based PEtUU) by oxygen radicals was also observed [570]. The thiol esters in α2macroglobulin are susceptible to hydrolytic cleavage, leading to the formation of free thiol groups,

EP

which can then react rapidly with hydroxyl radicals subsequently producing thiyl radicals [552].
Thus, In the α2-Macroglobulin/H2O2/CoCl2 system, both thiyl radicals and hydroxyl radicals

CC

participate in the degradation of the polyether SS [552].
The mechanism of oxidation of the SSs of PCUs is shown in Error! Reference source not

A

found.b [3, 561]. Reactive oxygen species abstract an α-methylene hydrogen atom from the PC SS.
Recombination of the chain radical with a hydroxyl radical forms a hemiacetal, which oxidizes to an
ester. Acid hydrolysis of the ester results in chain scission of the SS and the formation of alcohol and
carboxylic acid end groups [561]. Although the chemical changes corresponding to the SS chain
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scission and crosslinking were similar in both PEtUs and PCUs, the relative rates of chain scission
and crosslinking were different. The lower rate of chain scission in PCUs was attributed to the
stabilization of the chain radical by the electrophilic character of the adjacent carbonate. The
stabilization of the PCU chain radical increased the radical lifetime, thereby increasing the
probability for recombination of chain radicals and crosslinking [561].

PT

With a long enough time, the HSs of PCUs and PEtUs may also undergo degradation through
being subjected to reactive oxygen species [567]. According to the mechanism shown in Error!
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Reference source not found.c [561], oxygen radicals abstract an α-methylene hydrogen atom from
the ChEx at the urethane [561]. If α2-macroglobulin is used in addition, thiyl radicals can attack the
α-methylene of the urethane ester (analogous to the α-methylene attack on the ether linkage), which

U

enhances the urethane cleavage [552]. Additional hydroxyl radicals combine with the chain radical to

N

form a highly reactive carbonyl-hemiacetal. Oxidative hydrolysis of the carbonyl-hemiacetal results

A

in chain scission and formation of an unstable carbamic acid and carboxylic acid end groups. The

M

carbamic acid decarboxylates readily to form a free amine [561]. However, it was reported that, for

D

PEtUUs, the FTIR results showed no decrease in urea content during any treatment, and the chain-

TE

extended HS appeared to be relatively unaffected by implantation or by the in-vitro treatment [552].
For both PCUs and PEtUs, the analysis of FTIR spectral changes revealed preferential chain

EP

scission of free HS groups compared with hydrogen-bonded HS segments in the hard domains [561].
It was concluded that hydrogen-bonded HSs were inaccessible to degradation due to the crystalline

CC

structure of the hard domains [561]. The exposed HSs in the SS phase and at the interphase region
were vulnerable to oxidative attack by the proposed mechanism [561].

A

Although both PCUs and PEtUs appeared to undergo a similar mechanism of HS degradation,

evidence for HS degradation was much more prominent in the FTIR spectra of the in-vitro or in-vivo
treated PCU (Bionate® 80A) specimens compared with PEtU (Elasthane™ 80A) samples treated in
the same way [561, 566].
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PIBs have again been shown to have better oxidative resistance than both PCs and polyethers.
Jewrajka et al. [68] revealed that polyureas containing mixed PIB/PTMG SSs exhibit good
oxidative/hydrolytic stabilities in a 20% H2O2/0.1 M CoCl2 solution at 50 °C for 40 days, far
superior to Bionate® (a PCU) and Elast-Elon™ (a PDMS/PHMG-based PU). Kang et al. [65] found
that the presence of chemically inert PIB in the polyether or PC SS protected the vulnerable

PT

segments so that PUs with exceptional chemical stability could be obtained. Upon exposure to a 20%
H2O2/0.1 M CoCl2 solution for up to 14 weeks, the experimental PIB/PC-based PUs exhibited a

SC
RI

negligible change in mechanical properties and no surface damage, whereas Elast-Eon™ E2A and

U

Carbothane™ PC-3575A (a PCU, Lubrizol Co.) showed significant surface damage [65].

N

9.2. Stabilization of polyurethane elastomers against in-vivo/in-vitro

M

A

oxidative degradation by polymer modification
As PEtUs are prone to oxidative degradation, they may be substituted with PCUs for better

D

stability. However, the substitution of polyether SSs with PC SSs could result in stiffer thermoplastic

TE

PU elastomer materials (typically Elasthane™ 80A vs. Bionate® 80A) [567], which may limit the

EP

material’s potential for application in particular areas. Observed differences in mechanical properties,
i.e., higher modulus and reduced ultimate elongation, have been attributed to the reduced flexibility

CC

of PC SSs [567].

Another way to enhance the oxidative stability of PEtUs is to employ a polyether with a longer

A

methylene chain (higher CH2/O ratio) for the SS. A PHMG-based PEtU was shown to be more stable
to MIO in H2O2/CoCl2 than Pellethane® 2363-80A (a PTMEG-based PEtU) [488].
As discussed above, while the exposed HSs in the SS phase and at the interphase regions were
vulnerable to oxidative attack, hydrogen-bonded HSs were inaccessible to degradation due to the
crystalline structure of the hard domains [561]. In addition, an in-vivo study showed that 4,4′125

H12MDI-based PEtUs were more susceptible to surface cracking and M changes than 4,4′-MDIbased PEtUs, possibly due to the lack of a crystallizable HS [572].
A more widely agreed approach to improve the biostability of PEtU elastomers is the
modification with siloxane-based polymers (e.g., silicones such as PDMS). For example, Mathur et
al. [568] found that the susceptibility of a PTMEG-based PEtU end-capped by PDMS to in-vivo

PT

biodegradation was lower than that of the PEtU without modification, although still higher than that
of a PHMC-based PCU. The PDMS end caps did not themselves degrade and, moreover, provided a
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certain degree of protection to the polyether SS [568]. The PDMS end groups imparted a

hydrophobic character to the surface of the PEtU that may have resulted in lower FBGC coverage
and, effectively, less biodegradation [568]. Pinchuk et al. [573] showed that covalent bonding or

U

grafting of silicone polymers to the surface of PEtUs (Pellethane®2363-55D, -75D, and -80A) could

N

inhibit the in-vivo biodegradation process, whereas the use of an antioxidant (butylated

A

hydroxytoluene, or BHT) at 0.5 wt.% concentration was ineffective in stopping the biodegradation

M

process.

D

Studies [3, 4, 554, 565, 574] have demonstrated that partial substitution of the polyether SS with
PDMS enhanced oxidative stability of PEtUs. According to Martin et al. [574], a formulation with 80%

TE

PDMS and 20% PHMG macrodiols (accounting for a total of 60 wt.% of the final polymer), 4,4′-

EP

MDI, and 1,4-BDO ChEx produced the best result in terms of a combination of flexibility, strength
and biostability, with its properties similar to those of Pellethane® 2363-80A and biostability

CC

comparable to that of Pellethane® 2363-55D. Simmons et al. [554] demonstrated that a commercial
PHMG/PDMS-based PU, Elast-Eon™ E2 80A, has biostability significantly better than that of

A

Pellethane® 2363-80A and as good as or better than those of Pellethane® 2363-55D and Bionate®
55D. Very minor changes were seen on the surfaces of the Elast-Eon™ E2 80A and Bionate® 55D
materials [554]. The presence of PDMS on the film surface, as indicated by contact angle and FTIR,
apparently shielded the polyether SS from the effects of the oxidative environment [565]. The

126

biostability ranking of different PU materials based on statistical comparisons of chain scission and
surface pitting is as follows: PEtU < PEtU-silicone copolymer ≤ PCU < PCU-silicone copolymer [3].
Although both strategies of replacing the polyether SS with PC and of modifying the SS
chemistry with PDMS improved the resistance to oxidative degradation, the mechanical properties of

PT

the PEtU were compromised to some extent [565].
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9.3. Stabilization of polyurethane elastomers against in-vivo/in-vitro
oxidative degradation using stabilizers

U

A few studies have shown that the addition of antioxidant stabilizers such as Santowhite® [2-tert-

N

butyl-4-[1-(5-tert-butyl-4-hydroxy-2-methylphenyl)butyl]-5-methylphenol] [549, 561, 562, 566,

A

575], Methacrol 2138F [decyl 2-methylprop-2-enoate;2-[di(propan-2-yl)amino]ethyl 2-methylprop-

M

2-enoate] [562], and Vitamin E (α-tocopherol) [(2R)-2,5,7,8-tetramethyl-2-[(4R,8R)-4,8,12trimethyltridecyl]-3,4-dihydrochromen-6-ol] [575] could effectively inhibit in-vivo or in-vitro

D

degradation of PEtU and PCU elastomers. Santowhite® has been a popular antioxidant, with its

TE

chemical structure shown in Error! Reference source not found.. Christenson et al. [549, 561, 566]
indicated that addition of 2.2 wt % Santowhite® inhibited chain scission and crosslinking of the

EP

surface associated with in-vivo or in-vitro degradation of both Elasthane™ 80A and Bionate® 80A.

CC

Schubert et al. [575] showed that vitamin E (Error! Reference source not found.) was even more
effective than Santowhite® in preventing pitting and cracking to biaxially strained PEtUU elastomers

A

based on PTMEG/4,4′-MDI/diamines, which were tested in 20% H2O2/0.1 M CoCl2 at 37°C for 15
days. Vitamin E is more efficient in preventing PEtUU oxidation than Santowhite® possibly because
its phenoxy radical is more stable and it can terminate more than one chain per vitamin E molecule
[575].
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Figure 43.

Chemical structures of Santowhite® and Vitamin E antioxidants.

U

Antioxidants may also be covalently attached to PU elastomers to provide stabilization against

N

oxidation. For example, Stachelek [576] showed that derivatising Tecothane® TT1074A, an aromatic

A

PEtU, with di-tert-butylphenol (DBP) via bromoalkylation conferred significant resistance to in-vitro

TE

D

M

oxidative degradation in H2O2/CoCl2 compared with unmodified PU.

EP

10. Biodegradation of polyurethane elastomers
While the previous section was concerned with the in-vivo degradation of PU in the body, this

CC

section will focus on PU biodegradation under composting and soil conditions. Three types of PU
biodegradation have been identified in the literature, namely fungal biodegradation, bacterial

A

biodegradation, and degradation by polyurethanase enzymes [60, 61]. In particular, PEsUs appear to
be sensitive to microbial degradation under aerobic conditions [61], with significant weight loss
occurring. Esterase activity (both membrane-bound and extracellular) has been noted in microbes,
which allow them to utilize PUs as a food source [57]. The microbial degradation of PEsUs is
hypothesized to be mainly due to the hydrolysis of ester bonds by these esterase enzymes [57]. This
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is in agreement with a composting (aerobic biodegradation) study of various PEsUs based on either
PEA, poly(butylene adipate), poly(hexamethylene adipate), or PCL diol, which showed that the
biodegradation rate decreased with decreasing ester content [456]. Moreover, PEsUs composed of an
aliphatic diisocyanate showed higher biodegradation rates than those consisting of an aromatic
diisocyanate, with the biodegradation rate increasing in the following order of diisocyanate used:

PT

4,4′-MDI < 4,4′-H12MDI < HDI [456].
On the other hand, PEtUs are especially resistant to microbial attack, and the biodegradation of
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these compounds has been found to be negligible in aerobic and anaerobic conditions [61]. This

could be partially explained by the fact that ether links of polyether resins are resistant to attack by
microbial enzymes, whereas the ester linkages of polyester resins are more easily cleaved by

U

hydrolases [61].

N

Nonetheless, the activities of bacteria and fungi against PUs have only been demonstrated under

A

laboratory conditions following the application of certain identified microbial strains, and are not

M

readily biodegradable in the natural environment [57, 60, 61, 577-579]. Most conventional PUs are

D

resistant to biodegradation [60, 61]. For biomedical applications, PU elastomers having enhanced

TE

antimicrobial properties are needed, which can be achieved by incorporating antimicrobial
ingredients such as chitosan [580], silver nanoparticles [581] and iodine [582].

EP

Biodegradable PUs have recently attracted much attention due to concerns about environmental
accumulation and the need to develop new materials for biomedical applications [583-585]. For such

CC

PUs, the macrodiols (polymers or copolymers) or ChExs used are based on ingredients that are
inherently biodegradable, such as: PCL [456, 474, 478, 543, 586-615], PLA [598, 601, 605, 606, 608,

A

616-621], plant oils [58, 389, 476, 581, 586, 622-629], polyethylene butylene adipate (PEBA) [587,
608], lignin [623], gelatin [602], chitin/chitosan [630, 631], collagen [632], alginate [633] and
heparin [634]. It is noteworthy that PUs with adequate biodegradability may still present excellent
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thermal stability, UV resistance, and chemical resistance [586]. However, more research is needed to
understand the degradation and stability of these new PU materials under different ageing conditions.

11. Mechanical degradation and stabilization of

PT

polyurethane elastomers
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11.1. Fatigue

11.1.1. General discussion

U

Mechanical energy in the form of applied stress can not only contribute to ozone-induced

N

reactions, but could also lead to autoxidation. A high level of mechanical energy can cause the

A

rupture of polymer bonds [126, 138, 139, 635, 636], and the formation of macroalkyl radicals. In the

M

presence of oxygen, the alkyl radicals react rapidly to form peroxy radicals. Typical oxidative chain

D

reactions then follow [126, 635, 636]. Cracks have been found to initiate at defects associated with

TE

sample geometry and sample processing, such as sharp corners [637-639]. The cracks propagate
initially on the surface of the sample, followed by propagation through the sample thickness [638].

EP

Crack orientation was found to depend not only on the type of loading (e.g., tension and torsion) but

CC

also on the maximum level of loading [637]. It was also found that, in the presence of a low-viscosity
fluid, the fatigue resistance of elastomers could be remarkably decreased, in proportion to the degree

A

of swelling [640]. The variation of fatigue resistance of an elastomer in the swollen state being due to
a reduction in viscoelastic energy loss and sharpening of crack tips [640]. For elastomers subject to
cyclic deformation, the mechanooxidative degradation process is usually referred to as “fatigue” or
“flex cracking”.
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Physical aspects of the fatigue of rubbers and elastomers have been extensively studied,
especially regarding the rate and pattern of crack growth [637-639], related influencing factors such
as the minimum stress and stress amplitude [641-643], and approaches for analysing the fatigue life
[644, 645]. However, the understandings from studies of fatigue of other elastomers may not be
readily applied to the mechanooxidative degradation of PU elastomers, which contain a segmented,

PT

phase-separated structure with the HS domains as a reinforcing filler. It has been found that the
minimum value of tearing energy under which no fatigue failure occurs in the absence of chemical
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effects is far higher in PU elastomers than conventional elastomers [646]. This difference has been
considered to be due to the segmented structure of the PU, which has highly hysteresial tensile
properties [646].

U

It was found that for PEtUU elastomers, the immediate effect of a sinusoidal strain or cyclic

N

compression was the destruction of the HSs [647, 648]. Shibayama et al. [648] suggested that the

A

fatigue behavior of a PTMEG-based PEtUU elastomer under a sinusoidal strain first involved a

M

dominant phase mixing process, followed by phase demixing related to the rearrangement and

D

reorientation of the HSs, finally leading to fracture [648]. They also found that PEtUU elastomers

TE

that had longer SSs had a higher degree of phase separation, with spherulite formation and
orientation behavior being less sensitive to fatigue time [649]. Yeh et al. [650] indicated that the

EP

immediate effect of cyclic elongation on segmented PUU elastomers with a low concentration of
HSs results in a microstructure composed of lamellar hard domains and highly stressed nanofibrils

CC

consisting of alternating hard and crystalline soft domains [650]. However, when the strain is high
enough, all the features related to the nanofibrillar morphology will be reduced [650].

A

Jimenez et al. [651] compared 4,4′-MDI-based PEtU elastomers with different SS structures (a

linear PTMEG and an SS with a methyl group on the PTMG chain) during fatiguing (20% cyclic
uniaxial extension, superimposed on 3% static strain). Compared to the PU with a linear PTMEG SS,
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the samples with methyl groups demonstrated better fatigue resistance (less phase mixing between
the SS and HS), which could be related to the lack of crystallization of the SSs [651].

11.1.2. Antifatigue agents

PT

Antifatigue agents, especially for rubbers and elastomers, have been extensively described in the
literature [138, 370, 636, 652-655]. As mechanooxidative degradation is based on the same oxidative

SC
RI

chain reactions as thermal degradation and photodegradation, the effect of stress is primarily to

increase the rate of formation of radicals, which initiate the oxidation [656]. Given this, antifatigue
agents are usually also antioxidants, although not all antioxidants are effective antifatigue agents

U

[636]. Antifatigue agents generally fall into the diarylamine class, and the most widely used

N

commercial agent is N-isopropyl-N′-phenyl-1,4-phenylenediamine (IPPD) [1-N-phenyl-4-N-propan-

A

2-ylbenzene-1,4-diamine] (Error! Reference source not found.) [370, 636]. During fatiguing of

M

elastomers, this compound, as a CB-D, can react with peroxy radicals to be converted to the

D

corresponding stable aminoxyl radical [370, 410, 636, 654]. As discussed before, this aminoxyl

TE

radical is an effective CB-A, which can consume macroalkyl radicals and peroxy radicals in a
reversible process [370, 410, 636]. Following the same mechanism as IPPD (shown in Error!

EP

Reference source not found.), hindered piperidines (Error! Reference source not found.) can also
be used as antifatigue agents but are much less effective than IPPD, which is consistent with the

CC

lower efficiency of alkylamines as CB-D antioxidants [636, 653]. There are also many other
aminoxyl generators that are effective antifatigue agents, such as phenolic nitrones, which have been

A

discussed elsewhere [654]. Moreover, sulphoxides such as 3,3′-sulphinyldipropionate esters (Error!
Reference source not found.) and phenolic thiols can also be effective antifatigue agents [636, 652,
655], via a hydroperoxide decomposing mechanism discussed previously.
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Figure 44.

Typical antifatigue agents.

It is noteworthy that internal friction during fatiguing will result in significant amounts of heat

U

[647, 654]. Therefore, antioxidants could be useful for preventing thermal degradation during

A

N

fatiguing.

M

11.2. Stress as a secondary/complementary effect on degradation

D

As discussed in Section 5.1, stress plays a significant role in ozonolytic degradation, but it can

TE

also affect other degradation processes in PU elastomers.
High shear during processing and stress during usage could lead to mechanical scission of

EP

polymer chains to give macroalkyl radicals. These radicals are a precursor to hydroperoxide

CC

formation, which is a key intermediate in the oxidative degradation of polymers [155, 370]. For
photodegradation, the exposure of materials to stress may accelerate thermally activated processes,

A

reduce the rate of recombination of radicals produced by photolysis, and increase the rate of oxygen
diffusion [657]. Along with this, tensile stress accelerates molecular scission in polymers exposed to
UV irradiation [657, 658], with local sites of disintegration formed in stressed polymers. These sites
may be considered as submicrocracks, along which the fracture path progresses [155]. Therefore, all
the above processes involving stress as a secondary effect will increase demand for stabilization
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[658]. It has been suggested that fibre reinforcement could reduce the sensitivity of materials to the
application of tensile stress during UV irradiation [657].
The synergistic effects of oxidation and stress on the degradation of PU elastomers have
frequently been observed in the form of crack formation and propagation. This phenomenon widely
occurs in the areas of biomedical implants and tissue engineering materials where the stress level on

PT

the polymers is high [3, 537, 659]. Therefore, in-vivo/in-vitro oxidation studies of PU elastomers
(discussed in Section 9) often require specimens to be under strain to take into account stress

SC
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cracking (SC) of the materials [488, 552, 557, 564, 565, 570-573, 660-662].

SC is characterized by surface microcracking when the elastomer is elongated in vivo or in vitro
[552, 564]. The degree of strain that is required to initiate microcracking varies from composition to

U

composition. In-vivo studies have shown that harder compounds tend to have a higher strain

A

SC than harder PEtU materials [564, 573].

N

threshold than corresponding softer ones [564]. Moreover, softer PEtU materials experienced greater

M

Dynamic strain is also of interest as it occurs in specific biomedical applications such as pumping

D

diaphragms. Implanted Pellethane® 2363-80A specimens have been shown to experience physical

TE

damage mainly in regions that were subjected to a higher hydrogen peroxide concentration from
inflammatory cells and high degrees and rates of dynamic strain [557]. Wiggins et al. [662] found

EP

that the combination of dynamic loading and biaxial tensile strain (as low as 10%) accelerated
oxidative degradation of a PEMEG-based PEtUU in H2O2/CoCl2 solution. The rate of degradation

CC

increased with increasing strain rate but was not affected by strain magnitude [661]. In contrast,
imposing a static or dynamic mechanical load did not affect the chemical stability of the PC SS in an

A

H2O2/CoCl2 solution [565]. Compared with PEtUs, PCUs were shown to be more resistant to such
SC [564, 565].
Residual stress could be a major factor contributing to the in-vivo SC of PU materials [56].
Regarding this, there has been research focusing on the SC of prestressed PU samples [555, 570].
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The elimination of residual stress through annealing has been shown to prevent SC but not surface
oxidation [3, 488, 537].
SC also occurs for PU elastomers in other strong oxidative environments. Faré et al. [502] found
that an applied strain could increase the degradation rate of PEtUs and PCUUs in a NaClO solution
(4% Cl2 available, pH ≈ 13). Under such conditions, even PCUs experienced degradation as shown

holes or ragged and stretched fractures perpendicular to the direction of stress.

PT

by the greatly increased surface roughness, with SEM analysis showing evidence of deep cracks and
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Polymer blending, fibre reinforcement, and impact modification are areas where the industry has
solved the SC issues [663], approaches which may then apply to PU elastomers. In addition,
Jayabalan et al. [490] suggested that, for the synthesis of 4,4′-H12MDI/HTBD-based PUs, replacing

U

1,4-BDO as the ChEx by m-phenylenediamine could result in highly ordered HSs due to increased

N

hydrogen bonding among urea linkages, leading to increased resistance to SC.

A

Stress could also change the chemistry and structure of PU elastomers, which could alter the

M

degradation in some way. For example, multiaxial, dynamic systems are frequently used in heart

D

valve testing and they show increased calcification of PU. To overcome this, Khan et al. [488] found

TE

that static, uniaxial strain (stress) reduced the propensity of the PEtUs to calcify. Stress might have
changed the concentration of the SS domains on the surface, which may have affected the level of

EP

calcification [488]. Additionally, an external force applied to PU elastomers could result in straininduced phenomena such as crystallization [572]. The increased crystallinity may potentially

CC

enhance the stability of PU elastomers. However, information in this area is limited and more

A

research is needed to understand the effect of stress on different forms of degradation.
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12. Summary
Due to the versatility of PU chemistry, a diverse range of building blocks, including macrodiols,
isocyanates, and ChExs can be chosen for the synthesis of PU elastomers with desired properties. For
many applications, the durability of the materials is crucial. Significant progress has been made in
enhancing the stability of PU elastomers, mainly through the use of new macrodiols and ChExs,

PT

appropriate choice of isocyanates, and hybridization with more stable components. Previous research
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has also revealed the advantages and disadvantages of each strategy for enhancing PU stability.
These aspects are summarised below.

Macrodiol components play a significant role in controlling the stability of PU elastomers:
Due to the incorporation of polyestser diols, PEsUs have superior mechanical properties

U



N

and oxidative stability, but poor resistance to hydrolysis (especially under acid conditions

A

and higher temperatures) and enzymes (in particular esterases). The

M

hydrophilicity/hydrophobicity of the polyester component plays a major role in the
stability of PEsU elastomers against hydrolysis, calcification and enzymatic degradation.

D

Lower hydrophilicity of the (polyester) SS could make PEsU elastomers, and PU

PEtUs, being based on polyether diols, have better hydrolysis and enzymatic resistance

EP



TE

elastomers more generally, less susceptible to these types of degradation.

with moderate photo- and thermooxidative stability and mechanical properties. PEtUs are

CC

shown to be prone to oxidative degradation in in-vivo/in-vitro environments that contain
reactive oxygen species, and also have a high propensity to calcify. Larger hydrocarbon

A

segments between ether groups may provide better chemical and oxidative stability, but
may reduce processibility. Biostability of PEtUs (typically against oxidation) could be
enhanced by the incorporation of siloxane-based polymers into the SS and the
modification of the material surface chemistry.
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For biostability against oxidation and enzymatic degradation, a better alternative to PEtUs
could be PCUs. However, PCUs are generally stiffer and may not be as suited to some
biomedical applications as the more flexible PEtUs.



PBUs have the worst oxidative and ozonolytic stability of all PU elastomers due to the
unsaturated (alkene) character of the polybutadiene diol segments. However, they are

PT

resistant to hydrolysis (better than PEsUs but not as good as PEtUs). For PBUs, the weak
link in their structures are the PB segments, which can undergo both chain scission and
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crosslinking degradation via oxidation or ozonolysis. Thus, blending and

copolymerization of PB with another more stable polymer could be strategies to enhance
the oxidative and ozonolytic stability of PBUs.

In contrast, PIBUs, which are a hydrogenated version of PBUs, have outstanding

U



N

oxidative and hydrolytic stability. However, further improvements in synthesis are needed

A

for tailoring their Tg and mechanical properties, and this may not be readily achievable.

M

The synthesis of PIB diols involves complex chemistry, which is also associated with

D

higher cost. PUs that incorporate macrodiols with a linear aliphatic structure (such as PIB

TE

diol) are stable in oxidative, hydrolytic, enzymatic, and lipid solution environments.
The stability of PU elastomers also strongly depends on the structure of urethane/urea



EP

components and resulting HSs:

The formation of HSs is favored when aromatic isocyanates are present, with these

CC

structures being resistant to hydrolytic and enzymatic degradation. However, aromatic

A

components are known to be prone to photo- and thermooxidative degradation, which
occurs via photo-Fries and chain scission reactions. Replacing aromatic isocyanates with
aliphatic compounds generally improves oxidative stability, although leads to decreased
mechanical properties.
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HSs are usually more resistant to degradation than SSs due to their compact structure. In
contrast, free urethane linkages (which do not form HSs) and HSs that contain labile
structures may be less resistant than the macrodiol components of SSs during degradation
by oxidative chemicals and reactive oxygen species in vitro or in vivo.



The ability of a PU material to form HS microdomains may contribute to increased

PT

stability due to protection of hydrolysable HS linkages located within the microdomains.
Highly ordered HSs, which can be formed using specific ChExs and show greater phase
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separation between the HSs and SSs, usually provide enhanced chemical and oxidative
stability for PU elastomers.

There have been various strategies developed for enhancing the stability of PU elastomers:
Replacing labile or photo- or thermally sensitive groups by less reactive groups, such as

U



N

compounds with higher BDEs or non-chromophore groups, can lead to improvements in

Introduction of side chains into the PU backbone and chemical modification of the

M



A

stability.

A greater extent of hydrogen bonding has been widely reported to improve the stability of

TE



D

surface can enhance the hydrolytic stability of PUs.

PU elastomers against oxidative and enzymatic degradation. In particular, the high



EP

polarity of ester carbonyl groups can contribute to hydrogen bonding in PEsUs.
A higher degree of crystallinity could result in better stability against photodegradation,

CC

ozonolysis, and in-vitro/in-vivo oxidation.

A



Crosslinking, either physically or covalently, is effective in suppressing photo- and
thermal oxidation, possibly due to restricted oxygen diffusion. Crosslinking has also been
shown to be effective for improving the resistance of PU elastomers to ozonolysis,
hydrolysis, enzymatic degradation, and organic solvents.

138

13. Future perspectives
Despite the notable progress made during decades of research on PU elastomers, there remain
gaps and challenges to address:
a) The mechanisms of different types of degradation for particular PU elastomers are still
not deeply understood, which prevents the development of effective stabilization

PT

strategies. This lack of deep understanding may come from the limited amount of

SC
RI

information obtained during the degradation process, where, in most cases, only the end
degradation products are analysed. Advanced techniques could be employed to monitor
the real-time evolution in chemical composition to assist with better understanding of the

U

degradation processes. Additionally, much of the mechanistic understanding of PU

N

elastomer degradation is based on the behavior of isolated components from the SSs of

A

PUs, however, the overall material structural features (e.g., segmentation, phase-

M

separation, and hydrogen bonding) could significantly influence the degradability and
stability of PU systems. Thus, the effects of overall structure should be more thoroughly

D

investigated in the future.

TE

b) For practical applications (e.g., encapsulation materials for underwater devices),
degradation occurs under complex conditions: combinations of multiple factors such as

EP

UV, heat, ozone, water, chemicals, and strain. The resulting degradation mechanism

CC

could be quite different from that with a single influencing factor. Many practical issues
originating from this lack of understanding of complex processes are facing the industry

A

and existing knowledge is not readily applicable to develop adequate solutions. A typical
example is that while PU elastomer products are usually used under stress, the influence
of stress on other types of degradation remains to be investigated.

c) The knowledge of degradation–structure–property relationships is rather limited and
should be further examined in the future. Most work has focused on only the changes in
139

bulk properties during degradation, whereas the causes of these changes are ambiguous.
While most of the past work has been concerned with the analysis of the alteration in
morphology, mechanical properties, thermal properties, and water swelling, there are
many material characteristics for particular applications that remain to be studied. For
example, acoustic properties for sonar applications. Structural features that contribute to

PT

such property changes should be fully characterized.
d) A significant challenge in developing stable PU elastomers is that almost any strategies

SC
RI

that are proved to be effective could inevitably result in increases in the complexity of PU
chemistry, processability and costs and/or compromise some material properties.
Therefore, research efforts should be devoted to developing cost-effective solutions to the

U

production of stable PU elastomers with appropriate material properties.

N

e) Currently, there is a trend to develop PUs based on renewable resources or those that are

A

biodegradable. It is of interest to examine the stability of these PU systems under

M

conditions that differ from their intended application (i.e, microbial, enzymatic and

D

composting environments). For biomedical applications, for example, materials are

TE

required to be stable under the oxidative environment in the body but must be completely
bioresorbable and biodegradable. Translating these materials into other usage

EP

environments may help to provide durable systems that are readily degradable after use
into oligomers under other conditions.

CC

f) We should also focus on the development of new, long-lasting stabilizers specifically

A

designed for PU elastomers (which is lacking so far). There is a diversity of PUs and their
structures are quite different to other polymers. New cost-effective methods for the
dispersion of additives in PUs should be developed, which can not only produce
homogeneous systems but also address current technical issues (e.g., poor handleability

140

due to high viscosity). Moreover, various nanoantioxidants should be tested in PU
systems to help to achieve significantly improved oxidative stability.
For delivering truly stable PU elastomers, molecular design, new chemistry, and materials
hybridization could be considered as key enablers in future research. For molecular design, we need
to focus on the choice of macrodiols, isocyanates and ChExs to produce innovative PU materials.

PT

These materials should have the desired chain mobility, HS/SS phase separation, chemical and
physical crosslinking including hydrogen bonding, and crystallinity. Along with these properties,

SC
RI

appropriate balance of hydrophilicity/hydrophobicity should be achieved and specific groups for coprotection, self-protection or self-healing added to achieve outstanding stability, properties and
function. PUs based on hydrogenated-PB or PIB are interesting in this regard, as long as alternative

U

chemistry protocols will allow a significant reduction in costs and a greater control of the material

N

properties. There are also a diverse range of chemical building blocks (including those from

A

renewable resources such as vegetable oils, lignin, and chitosan/chitin) that can be used to form new

M

macrodiols (including copolymers and grafted polymers), isocyanates and ChExs. New, preferably

D

‘green’, chemistry routes could be explored to produce new PU systems (including non-isocyanate

TE

PUs) cost-effectively, of which the stability against various external environmental factors should be
carefully examined. Regarding materials hybridization, the effectiveness of polymer blending,

EP

copolymerization and interpenetrating networks should be further studied to produce new materials
for desired structure, properties, functionality, hydrophobicity, and degradability (as required). In

CC

addition, nanotechnology and nanocomposites could be instrumental in the design of sophisticated
material structures that could prevent the passage of peroxides, ozone, oxygen, free radicals and

A

inorganic ions that lead to degradation.
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