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Abstract
The removal of mercury-based catalysts from polyurethane (PU) could potentially affect the
properties, processability and durability of the material when used as a protective overmould in a
cable-connector-assembly for the sub-marine industry. Teledyne-Impulse-PDM were required to
firstly comply with the registration, evaluation, authorisation or restriction of chemicals (REACH)
regulation, by selecting a non-Hg catalysed PU system and secondly to meet customer demands by
providing confidence that the replacement is as effective and durable in the end-use environment.
A series of analysis techniques was used to fully characterise the commercial PUs considered; these
included the starting materials and cured product. It was possible to identify the polyol type,
NCO:OH ratio, catalyst type and quantity as well as degradation temperatures. Most importantly,
how these values affect the cured product’s properties (resistance to absorbing moisture, strength,
curing profile and electrical properties) which are crucial to the functioning of a cable-connectorassembly, was investigated. Applying an accelerated life testing (ALT) regime allowed a direct
comparison of the degradation of the PU to prove durability.
The most noteworthy techniques used in this research were 19F NMR spectroscopy, AFM, bond
testing, electrical testing, mass change and an ALT regime. The result was the selection of a suitable
PU, proven to behave in a predictable way as the NCO:OH increases, with good resistance to
degradation. The removal of Hg+ ions in the catalyst had no obvious effect on the as-manufactured
mechanical properties but did have a large effect on the bond strengths achieved. Hence, some
adjustments were required to ensure consistent processing and a reaction rate similar to that
achieved using a Hg-based catalyst. It was also noted that there was no relationship with the
electrical properties, deducing that electrical resistivity could be influenced by the curing process.
The result was a final selection of a PTMEG polyol-based PU with excellent mechanical properties,
a tensile strength of 44.67 ± 0.64 MPa and good bond strength to 316L SS of 19.53 ± 0.34 N mm-2 ,
which is greater than values given in the literature. A controlled reaction rate to gel time and
comparable electrical resistivity to the obsolete PU in the TΩ range were also achieved, as were a
superior resistance to degradation immersed in a saltwater environment and an exceptional
compression set for a PU of 35 %.
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1 Chapter 1: Introduction

Heavy metals in the environment
Due to the toxic properties of some metals, concerns have arisen for the environment and the
organisms exposed. Metals are characterised into three categories: vital, valuable and toxic. Of the
92 naturally occurring elements, 30 metals and metalloids are believed to be potentially toxic to
humans. These heavy metals are found naturally in the earth and are defined as such because they
have a density and atomic weight a minimum of five times greater than that of water 1. However,
some metals, although also characterised as toxic, are essential for the health and survival of
organisms. This is because true toxicity depends on the route of exposure, dosage, age, gender,
nutritional status of exposed individual and chemical nature. Therefore, any assessment of the
hazards and risks of metals must not only consider the detrimental effect the metal may have on
the environment, but also the essentiality. Sarkar et al. reports that often this assessment is not
carried out this way, and frequently protecting the public from adverse health defects conflict with
reports issued with the aim of protecting against deficiencies 2. Metals that are detrimental and are
hence widely considered as only toxic, include mercury, lead and cadmium. These are defined as
toxic as they are not known to provide any beneficial health effects regardless of the exposure
amount. This assessment considers that some essential elements require the presence of other
elements to aid absorption and transportation in the human body.
There has been an exponential increase in the use of heavy metals in several industries,
technological, domestic and agricultural applications, resulting in an increased exposure to humans
3

. Environmental contamination can occur due to soil erosion of metal ions and leaching of heavy

metals, metal corrosion, atmospheric deposition and metal evaporation from water resources to
soil and ground water. Natural phenomena such as weathering and volcanic eruptions are also
believed to contribute significantly to heavy metal pollution 4.
Heavy metals are becoming concentrated in certain regions due to human interference. For
example, exposure to mercury vapour is most likely to occur in occupational settings and from
dental amalgams. Although there are natural sources of mercury vapour, such as the degassing of
the earth’s crust, a more notable source of exposure to methyl mercury is from fish and seafood
diets. Environmental exposure is most likely to be to methyl mercury, due to the ability of
microorganism to biomethylate inorganic mercury. The methyl mercury is then accumulated into
the aquatic food chain and is eventually transferred from zooplankton to fish. Sarkar et al. states
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“The highest concentrations of methyl mercury are found in edible tissues in long-lived carnivorous
fish and sea mammals at the top of the food chain” 2.

Health effects of heavy metals
Heavy metals are known to induce multiple organ damage and are categorised as human
carcinogens or probable carcinogens. These metals are believed to cause developmental
abnormalities, diabetes, cardiovascular diseases, hearing loss and various types of cancer 5.

1.1.1.1 Health effects of lead and mercury
Studies have shown a relationship in children between blood level poisoning of lead and diminished
intelligence, poor attention span, speech and language impedance, delayed or impaired
neurobehavioral development and growth impedance 1.

Table 1.1 Some effects of high level exposure to metallic mercury vapor on the body 6.

Body system

Effect

Nervous

Restlessness, memory loss, headaches, irritability, fatigue, confusion,
insomnia, mood lability, erythism, irrational behaviour; weakness, tremores;
polyneuropathy;

distal

paresthesias,

delayed

attainment

or

neurodevelopment milestones; altered performance on neurobehavioral/
neuropsychological tests; frank neurodevelopmental effects; delay in
auditory evoked potentials
Cardiovascular

Tachycardia, elevated blood pressure, arrhythmias, elevated plasma
catecholamines, decreased autonomic modulation of heart rate, some
symptoms similar to pheochromocytoma

Respiratory

Cough, dyspnea, tightest of chest, pulmonary edema

Excretory (renal) Tubular dysfunction, dysuria
Integumentary

Erythema, rash, pruritus, desquamation

Digestive

Stomatitis, metallic taste in mouth, abdominal pain, nausea, vomiting,
diarrhea, colitis

Hepatic

Biochemical changes, hepatomegaly, central lobular vascularisation

Muscular

Fasciculations, tremors, myalgia, myoclonus
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This same study reports reproductive effects in adults and the easy transfer of lead poisoning to a
developing foetus, resulting in reduced birth weight and preterm delivery. Other effects of acute
exposure in adults include brain damage, gastrointestinal diseases, and kidney damage. Chronic
exposure could result in hostile effects on the blood, blood pressure, kidney and central nervous
system, as reviewed by Tchounwou et al. It is reguarly accepted that significant exposure to
elemental metallic, organic and inorganic compounds of mercury result in a variety of adverse
health effects. These include, but are not limited to, renal, dermatologic, neurological, respiratory,
reproductive and immune conditions that are the consequence of a previous disease or injury 6.
Risher et al. reviewed the reported effects of high exposure to metallic mercury vapour; these are
shown in the Table 1.1

The REACH Regulation and the RoHS Directive
Due to the introduction of legislative controls, there has been a decrease in hazardous exposure as
an occupational risk. The two main regulations responsible for this are REACH Regulation (EC) No
1907/2006 7, the RoHS 1 directive 2002/95/EC and RoHS 2 Directive 2011/65/EU 8, 9 .
REACH (Registration, Evaluation, Authorisation and restriction of Chemicals) became effective in
2007. The European Chemical Agency (ECA) describes the aims of REACH as “To improve the
protection of human health and the environment from the risks that can be posed by chemicals,
while enhancing the competitiveness of the EU chemicals industry. It also promotes alternative
methods for the hazard assessment of substances so as to reduce the number of tests on animals”
10

. It is important to understand that REACH applies to all chemical substances and seeks to replace

and compile over 40 existing directives related to chemical management into one regulation. The
regulation works by placing the responsibility on companies within the EU to register their use of
chemicals regardless of whether they manufacture, market or import these chemicals.
The first stage of REACH is registration. The first deadline for registration of manufactured or
imported substances at 1K tonne or more per annum was 30th November 2010. This was also the
deadline for the registration of mutagens, and carcinogens above 1 tonne per annum and
substances dangerous to aquatic organisms or the environment above 100 tonnes per annum.
The deadline for the registration of manufactured or imported substances at 100 - 1K tonne per
annum was on 31st May 2013. The last phase, requiring the registration of chemicals by
manufactures and importers at 1 – 100 tonne per annum was May 2018. The evaluation stage,
simply put, is an evaluation of the information supplied to the ECA. Authorisation ensures the risks
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associated with Substances of Very High Concern (SVHCs) are properly controlled and eventually
replaced with suitable alternatives. SVHCs include chemicals that have received a category 1A or
1B classification as carcinogenic, toxic for reproduction or mutagenic. The last stage is restriction
(of the chemical) if deemed necessary, this is designed to protect human health and the
environment from unacceptable risks. A restriction can be the implementation of a limit, or a
complete ban of a substance and regularly applies to that substance on its own, as well as in a
mixture and is often specific to an application.
RoHS is the Restriction of the use of certain Hazardous Substances in Electrical and Electronic
Equipment (EEE) Directive 2011/65/EU and was transposed into UK law on 2nd January 2013. RoHS
is applicable in some form for trade with the European Union. China, Korea, parts of the United
States and other countries are introducing similar regulations. RoHS has restricted the use of lead,
mercury, polybrominated biphenyls, cadmium, hexavalent chromium and polybrominated diphenyl
ethers in new electrical and electronic equipment placed on the EU market. The enforcing body in
the UK is the National Measurement and Regulation Office (NMRO).
REACH and RoHS complement each other with the end goal of protecting the environment and the
organisms within it. The main difference between the two is the larger reaching scope of REACH
whereas RoHS is limited to EEE. These regulations mean polymer compounders can no longer use
restricted chemicals and those placed on the SVHC list are considered with extreme caution. This
has resulted in industries such as oil and gas and sub-marine no longer having a supply of chemicals
they have used in excess of 25 years for connector cable assemblies. However, the removal of
SVHCs, such as heavy metals, often used as catalysts and stabilisers in polymers, is believed to not
only be detrimental to the properties, but to the way they are processed. Nevertheless, very little
literature is available as the directives are new, still changing and safer materials are constantly
being formulated.

CES Material selection
Teledyne-Impulse-PDM manufacture and add value to many EEE systems using polyurethanes (PUs)
which contain a mercuric catalyst and a polychloroprene (CR) containing a lead-based additive.
Faced with the challenge of replacing these components it was fundamental to use Cambridge
Engineering Materials Selection (CES) software to understand the material options at a glance and
whether these known polymers were still good options.
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Using level 3 CES, all bulk materials, a wide selection criterion was applied; Price 1-15 £/kg, Tensile
strength 6-45 MPa, electrical resistivity 1 x 106 - 1 x 1020 µΩ cm, excellent fresh and seawater
resistance this yielded 84 results. Acceptable polymer injection moulding was added to reduce the
results, this yielded 30 results of a possible 3111 materials (Fig. 1.1). They are listed in order of
increasing electrical resistivity in Table 1.2.

Figure 1.1 Graph showing tensile strength vs electrical resistivity of the 30 materials selected by CES.

It is promising to see that widely accepted polymers for the sub-marine/ oil and gas industry such
as polychloroprene (CR), ethylene propylene diene monomer rubber (EPDM), hydrogenated nitrile
butadiene rubber (HNBR), thermoplastic polyurethane (TPU) and polyvinyl chloride (PVC) all appear
in this list. Due to the vast experience Teledyne-Impulse–PDM has processing PUs and its continued
relevance for this application, this study will focus on PUs. As depicted in Fig. 1.2, TPUs while at
mid-price range have high tensile strength and from Table 1.2 have high electrical resistivity.
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Table 1.2 Material information in order of increasing electrical resistivity.

Material name

Details

Electrical resistivity
[µΩ cm]

ABS
PPE+PS alloy
Polychloroprene
Epichlorohydrin
copolymer
Nitrile rubber,
hydrogenated
Butyl / Halobutyl rubber
Nitrile rubber,
carboxylated
Nitrile rubber
MPR
MPR
Polychloroprene
TPV
TPV
MPR
TPU
TPU

40% aluminium flake
40% aluminium flake
CR, 17-50% carbon black
ECO/GECO, 20-45% carbon black

1 x 106 - 1 x 107
1 x 106 - 1 x 107
1 x 106 - 1 x 1012
1 x 108 - 1 x 1014

HNBR, 25-40% carbon black

1 x 109 - 1 x 1016

IIR, 30-50% carbon black
XNBR, 25-33% carbon black

1 x 1010 - 1 x 1016
1 x 1010 - 1 x 1016

NBR, 25-33% carbon black
Shore A60
Shore A70
CR, unreinforced
PP+NBR, Shore A75
PP+NBR, Shore A90/D40
Shore A80
Ester, aromatic, Shore A70
Ether, aromatic, Shore A85, flame
retarded
Ether, aromatic, Shore D75
Ether, aromatic, Shore D45
Flexible, Shore A60
Shore A75, flame retarded
Ester, aromatic, Shore A85/D35
Flexible, Shore A85
Flexible, Shore A65
10-20% glass fibre, moulding
Moulding
Extrusion, injection and blow
moulding
Shore D40
VMQ, heat cured, 10-30% fumed
silica
PVMQ, heat cured,10-30% fumed
silica
Ether, aromatic, Shore A85/D35

1 x 1010 - 1 x 1016
2.07 x 1016 - 4.06 x 1016
7.14 x 1016 - 1.4 x 1017
1 x 1017 - 1 x 1019
1 x 1017 - 1 x 1021
1 x 1017 - 1 x 1021
1.57 x 1017 - 3.08 x 1017
1.57 x 1017 - 3.08 x 1017
2.5 x 1017 - 1.8 x 1018

TPU
TPU
PVC
PVC-elastomer
TPU
PVC
PVC
TPU(r)
TPU(r)
ASA
TPC
Silicone
Silicone, phenyl-type
TPU
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2.5 x 1017 - 1.8 x 1018
2.5 x 1017 - 1.8 x 1018
3.16 x 1017 - 3.16 x 1018
3.16 x 1017 - 3.16 x 1019
4.9 x 1017 - 1.8 x 1018
3.16 x 1018 - 3.16 x 1019
3.16 x 1018 - 3.16 x 1019
3.3 x 1018 - 3 x 1019
3.3 x 1018 - 3 x 1019
1 x 1019 - 1 x 1020
1.79 x 1019 - 8.53 x 1020
3 x 1019 - 5 x 1020
3 x 1019 - 5 x 1020
6.43 x 1019 - 1.26 x 1020

Figure 1.2 Graph showing tensile strength vs price for the 30 materials selected by CES.

Polyurethanes
Due to the cyclic search for materials that are easier to process, less hazardous, coupled with
improved material properties for use in a wide range of applications. Development and research
are still ongoing for alternative materials especially focused on composites and polymers as they
can be relatively light weight. One such polymer is polyurethane (PU). The versatility of PUs is such
that the density can range from 6 to 1220 kg m-3 and can be manufactured into structural or
insulating foams, flexible elastomers, adhesives or rigid plastics. These can be used in furniture,
clothing, footwear, artificial joints, implant coatings, construction materials and car parts 11.
PUs, invented and first produced by Dr Otto Bayer in 1937, are a type of polymer, formed by a stepgrowth polyaddition reaction between an isocyanate (diisocyanate /polyisocyanate) and a polyol.
As suggested in the name (di or poly), each molecule contains two or more functional NCO or
hydroxyl groups, respectively. The basic back-bone of a PU is a repeating unit containing a urethane
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molecule (Equation 1.1). While most PUs are thermosets the alternative, thermoplastic PUs (TPUs)
are readily available 12.

Equation 1.1 Polyaddition reaction to create a polyurethane.
O
O

O
C

R
N

C
N
n

+

HO

OH
R2

O

R
N

O

R2

O

H

Isocyanate

N

n

Alcohol

n

H

Polyurethane

PU structure
PUs are made up of alternating soft and hard segments
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(Fig. 1.3). The soft segments are

dependent on the long chain diol, providing elasticity and low temperature resistance to the
polymer 13-16. The hard segments are thought to be due to the reaction between the chain extender,
often a low molecular weight diol, and the diisocyanate producing hydrogen bonding involving
urethane links and provides the extra strength

13, 16, 17

. These hard segments are responsible for

crystalline regions, modulus, upper use temperature, tear strength and hardness 15. Hence there is
a degree of immiscibility between the hard and soft segments. Therefore, while PUs appear to be
isotropic macroscopically, microscopically they are not structurally homogeneous 18.
A change in the chemical composition (functional group number or molecular mass), ratio of hard
to soft segments or molecular weight results in a range of different properties and hardnesses. This
is also dependent on the chemical structure of the polyols and polyisocyanates 19. For example,
urethane groups have high polarity, hence a larger density of urethane groups increases polarity
resulting in a rigid product at room temperature and high hardness.
In PU, there is a strong attraction between the hard segments because of the high polarity, resulting
in a high degree of aggregation and order in this phase and is displayed as crystalline or apparent
crystalline areas often referred to as fixed phase 20. The hard segments are partially separated from
the soft segments; this is often referred to as phase separation 21 (Fig. 1.3). The degree of phase
separation and their effects depends on the difference between the molecular weight and polarity
of the two segments. This is because, as described by Szyycher, dipole-dipole interactions and
hydrogen bonding provide a pseudo- cross-linked network structure between linear PU chains
creating a polymer with the physical characteristics and mechanical behaviour of a covalently crosslinked network. Hydrogen bonds can also form between N – H and C = O groups. These can be either
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hard segment to hard segment or hard segment to soft segment 22. The hydrogen bonding in the
hard phase between the urethane bonds create a physical cross-linking point preventing polymer
deformation due to chain slippage. Three dimensional cross-linking can be achieved when
multifunctional components such as triisocyanates or branched hydroxyl polyols are used 17. The
percentage crystallinity can be anywhere in the region of 0-13 %, with a fully crystalline PU having
a density of 1.322 g cm-3 at 20 °C.

Figure 1.3 Microstructure of polyurethane.

Numerous factors affect the overall degree of phase separation in the macrostructure of PU (Fig.
1.4), such as polarity of their structural fragments, molecular weights and molecular weight
distribution, cross-linking density, chemical structure of PU chains, size of the hard and soft
segments and even the technique used to shape the final product 17.
The monomer structure consists of diols, triols, diamines, tetrafunctional polyols and 1,3 functional
isocyanates 23. Isocyanates or isocyanurates are used as curatives for polyols, however, in industry
prepolymers are often used; these are described as an excess of diisocyanate with a polyol. Strictly
speaking, prepolymers are diisocyanates as they react similarly, but there are a few differences.
One difference is prepolymers have a greater molecular weight as the average monomer weight is
400 g mol-1, producing a lowered NCO content by weight in comparison to the parent diisocyanate
and increased viscosity. The use of prepolymers allows triols and higher functional polyols
(tetrafunctional polyols) to be used as the curative resulting in a high molecular weight PU. Phase
separation is more favourably in PUs synthesised from prepolymers as the segmented structure is
more clearly outlined.
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Figure 1.4 Macrostructure of polyurethane showing amorphous and crystalline regions.

PU chemistry
PUs are formed by the polymerisation reaction of three essential components (Equation 1.1). A
diisocyanate, a long chain diol and a short chain diol (often referred to as a chain extender) (Fig. 1.5
a, b and c respectively). The hydrogen atom from the hydroxyl group is transferred to the nitrogen
atom of the isocyanate producing a urethane functional group. PUs always contains a urethane
group however, other functional groups, such as ether, amide, urea, ester or an aromatic are
frequently present. An increase in the other functional groups will result in fewer urethane
molecules and are added to tailor the mechanical, thermal and chemical properties for the intended
application. Although sometimes the number of urethane functional groups is a reflection of the
purity of the starting materials 17.
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Figure 1.5 Examples of components used to manufacture a PU: (a) an example of a diisocyanate, (b) an example of a long
chain diol and (c) an example of a short chain diol.

1.3.2.1 Isocyanates
Diisocyanates, firstly commercially available in 1952, are divided into aromatic or aliphatic types.
Isocyanates generally have an NCO content of 23-48 %

23

. There are four types of aromatic

diisocyanates: toluene diisocyanate (TDI) (Fig. 1.6a), diphenylmethane diisocyanates (MDI) (Fig.
1.6b), para-phenylene diisocyanates (PPDI) and naphthalene diisocyanates (NDI) (Fig. 1.6c). MDI is
the leading industrial isocyanate produced in terms of volume per annum. MDI is produced from
aniline and formaldehyde, the production follows three main steps, firstly nitration, secondly
reduction and finally phosgenation 24.
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Figure 1.6 Structures of common aromatic isocyanates: (a) 2,6-toluene diisocyanate (TDI), (b) diphenylmethane
diisocyanate (MDI) and (c) naphthalene diisocyanate (NDI).

Hexamethylene

diisocyanate

(HDI),

isophorone

diisocyanate

(IPDI)

(Fig.

1.7a),

dicyclohexylmethane-4,4’-diisocyanate (H12MDI) (Fig. 1.7b) are the three main aliphatic
isocyanates and make up 95 % of the total aliphatic isocyanate world production. The remaining 5
% include metra-tetramethylxylene diisocyanate (TMXDI) and trans-cyclohexane diisocyanate
(CHDI). Non-aromatic PUs show resistance to photo-oxidative ageing and are used in applications
requiring good weatherability as this property is often hindered by aromatic structures. Aliphatic
isocyanates react relatively slowly and are significantly more expensive. They are also often
optically clear with a high Tg.
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Figure 1.7 Structures of common aliphatic isocyanates: (a) Isophorone diisocyanate (IPDI) and (b) dicyclohexylmethane4,4’-diisocyanate (H12MDI).

1.3.2.2 Polyols
Long chain diols are broadly categorised into 4 types: polyesters (Fig. 1.8a), polycaprolactones,
polyethers (Fig. 1.8b) and polycarbonates (Fig. 1.8c). Polyesters were the first polyols used in the
manufacturing of PU, between 1937 and 1956. These are produced by the polycondensation of
multifunctional carboxylic acids and hydroxyl compounds. Polyesters have better solvent, abrasion
and cut resistance, but are susceptible to hydrolytic degradation 25. Polyethers, introduced in 1956,
are manufactured by the reaction of epoxides with a starter compound containing an active
hydrogen, often an alcohol. Polyethers tend to suffer from oxidative degradation when exposed to
heat and light. However, they have higher hydrolytic stability, improved low temperature resistance
and greater elastomeric properties in comparison to polyesters

26

. Polycarbonate polyols, in

comparison to polyether and polyester polyols have higher hydrolysis resistance, increased fungi
and weathering resistance with improved oil and ageing resistance. The use of polycarbonate
polyols provides the final PU with higher mechanical properties and greater resistance to lower
temperatures

27

. However, due to the cost, polycarbonate polyols are mainly used in high

performance PU based applications. Combinations of two of the four long chain diols listed above
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commonly form other categories. Other specialities such as polysulphide polyols and polybutadiene
(Fig. 1.8d) polyols are mentioned here for completeness.

(a)

(b)

(c)

(d)
Figure 1.8 Structures of common long chain diols: (a) polyester polyol, (b) polyether polyol, (c) polycarbonate polyol and
(d) polybutadiene diol.

Polyethers can be further broken down into 3 main categories, in order of decreasing mechanical
properties: polytetramethylene ether glycol (PTMEG), polypropylene glycol (PPG), polyethylene
glycol (PEG). PTMEGs, which are manufactured by polymerisation of tetrahydrofuran (THF), are
used in high-performance coating, wetting and elastomer applications. It is widely accepted that of
all polyether based PUs, PTMEGs have the best physical, resilience, hydrolytic stability and dynamic
properties 28.
PU as an elastomer has drastically grown; there are more than 500 commercially available polyols
than there are polyisocyanates. Polyols are the component that fundamentally determines the final
properties of the PU 14.
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1.3.2.3 Chain extenders
Chain extenders are usually short-chain diols, commonly used is 1,4-butanediol (Fig. 1.9a). Glycerol
(Fig. 1.9b), another commonly used chain extender is soluble in water and non-toxic. Glycerol
provides a crosslinked structure, due to its three OH groups, which can also increase the thermal
stability.

HO
OH
(a)

OH
HO

OH
(b)

Figure 1.9 Structures of common chain extenders: (a) 1,4-butanediol and (b) glycerol.

1.3.2.4 PU Catalysts
PUs can be synthesised in the presence or absence of a catalyst. PUs manufactured without a
catalyst, are often the case for biomedical applications where toxicity must be minimised and
biocompatibility improved 16. Catalysts play a key role in controlling the reaction kinetics, they are
also very often responsible for the preferred polymerisation reaction taking place 11. Krol reviewed
the reaction of isocyanates and compounds with unstable hydrogen atoms catalytic activity was
demonstrated using tertiary amines such as 1,4-diazabicyclo-[2.2.2]-octane (DABCO) and
organometallic compounds including Sn, Pb and Fe. He goes on to state the most commonly used
tin catalysts are dibutyltin dilaurate (DBTDL) and dibutyltin dioctanoate. Concluding these two
types of compounds form the foundation for very specific catalytic systems 17.
Other catalyst used for synthesising PUs include bismuth, butyl tin trichloride, titanium
tetrachloride, ferric chloride, antimony trichloride, cadmium nitrate, cobalt benzoate, aluminium
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oleate, diphenyl mercury, zinc naphthenate, zirconium naphthenate and molybdenum 29. A few of
these alternatives pose similar hazards and could face restrictions like mercury. Hg was the most
commonly used catalyst in industrial PUs as it was found to be most effective in first patenting
stages. Due to recent legislation and pressure from industry for RoHS and REACH compliant
products, many sectors are reviewing alternatives to Hg as a catalyst in PU systems. This is the main
driving force for this research, as all materials selected must be available for the foreseeable future.
As a result, tin (Sn) catalysts are being used more often for the manufacturing of prepolymers and
amines for the reaction of polyols with isocyanates 23. There is also heavy research into other
organo-catalysts however they have been found to not be as efficient as organometallic catalyst.
Their efficiencies were attributed to their nucleophilicity as opposed to the basicity. They are also
reported to favouring secondary reactions specifically the reaction of isocyanates with water to a
high extent resulting in urea and the reaction time exceeded 10 h, which is incredibly long
compared to organometallic catalyst 30.

PU properties
The mechanical, chemical and thermal properties of a PU can be readily modified by controlling the
reaction of various polyols and isocyanates 21. Zhihui et al.’s study showed that a change in molar
ratio of the isocyanate and polyol altered a range of properties including degree of phase
separation, crystallinity, wettability and thermal stability 31. It is also reported that mechanical and
thermal properties can be improved by increasing the amount of urethane linkages 22. The range of
physical properties available in PUs (Table 1.3) speaks to their versatility.

Table 1.3 Physical properties for a range of PUs in the CES database.

Parameter

Unit

Value

Density at 20 °C

g cm-3

1.10 – 1.25; 1.322 fully crystalline

Shore hardness

A and D

60 – 95 A, 36 – 91 D

Shrinkage

%

1.2 – 2.5

Data from CES Selector 2017, Granta Design Limited, Cambridge, UK, 2015
(www.grantadesign.com) 32.
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1.3.3.1 PU mechanical properties
The crystallinity, concentration and interconnectivity of hard segments and the ability of soft
segments to crystallise (align) with an applied stress alter the mechanical properties of PUs (Table
1.4). Many mechanical properties can be increased by increasing the degree of interconnectivity
and hence crosslinking density within the PU, limiting the movement of the chains.
Table 1.4 Mechanical properties for a range of PUs in the CES database.

Parameter

Unit

Value

Tensile strength

MPa

7.6 – 66

Tensile stress at yield

MPa

31 – 57.2

Elongation

%

350 – 1,200

Tear strength

kN m-1

24 – 119

Compression set 24 h 70 °C

%

27 – 40

Brittleness temp

°C

-70

Data from CES Selector 2017, Granta Design Limited, Cambridge, UK, 2015
(www.grantadesign.com) 32.

1.3.3.2 PU thermal stability and decomposition properties
PU thermal stability is also affected by the proportion of hard to soft segments and type of
crosslinking bonds present within the structure. Density, chemical reaction method and the chain
extender used also play a crucial role in the thermal properties achieved (Table 1.5). Thermal
degradation, while a complex series of events, is firstly dependent on the degradation of the hard
segments 32.
Table 1.5 Thermal properties for a range of PUs in the CES database.

Parameter

Unit

Value

Melting temperature

°C

141 – 157

Decomposition temperature

°C

120 – 126

Thermal expansion coefficient 23 – 80 °C

°C

1.8 x 10-4

Glass transition temperature

°C

-60 – -19

Maximum service temperature

°C

80 – 82

Enthalpy of crystallisation

J g-1

33 – 73

Data from CES Selector 2017, Granta Design Limited, Cambridge, UK, 2015
(www.grantadesign.com) 32.
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1.3.3.3 PU electrical properties
Electrical properties provide insight on how a polymer would behave as an insulator (Table 1.6).
Most literature available reviews the electrical properties of PU composites where carbon black,
fibres, nanotubes or graphene are used as a conductive filler. An extensive literature review
revealed that, there is no literature on the behaviour of PU as an electrical insulator. This will form
part of the novelty of this work. One study conducted by Gonzaga et al. measures electrical
properties of a PU resin derived from castor oil, but lacks a review of PU as an insulator 33. It is worth
noting the data available on CES is also limited.

Table 1.6 Electrical properties for a range of PUs in the CES database.

Parameter

Unit

Value

Dielectric constant at 100 Hz to 1 MHz

7.8 – 9.4

Dissipation factor at 100 Hz

59 – 95 x 10-4

Volume resistivity

4.8 x 109

Ωm

Data from CES Selector 2017, Granta Design Limited, Cambridge, UK, 2015
(www.grantadesign.com) 32.

Applications of PU
PUs have been in use since the 1940s and are an important group of polymers for a wide range of
applications both in industry and daily life. This is due to their versatility, high resistance to climatic
changes, excellent thermal and mechanical properties, as mentioned above. PUs are also
considered to be high performance materials and can be used in applications that require flexibility,
high-tensile strength, tear strength and abrasion resistance (such as conveyor belts), biomaterials,
protective coatings and inflatable structures. The advantage PUs have over many other polymers
is that the back-bone is not entirely made up of carbon or hydrocarbon atoms but has heteroatoms
(oxygen and nitrogen). Due to the development of techniques used for their manufacture, PUs are
widely used in the textile, packaging, building insulation, automotive (light weight car parts),
aerospace, marine, footwear and biomedical industries 11, in various forms from soft solids, flexible,
easily deformed to rigid load-bearing materials which include foams, films, elastomers, paints,
fibres, adhesives, poromerics (a term created by DuPont as a derivative of the terms porous &
polymeric), sealants and fabric coatings

19-21

. PUs have many applications not only due to the

numerous raw materials available and the different processing techniques but also due to various
methods for further processing and shaping of final products (machining and spraying). For

18

example, an aromatic, aliphatic, polycyclic or cycloaliphatic isocyanate could be used in the hard
segment as polyfunctional isocyanates. For a less rigid, better oxidative and higher ultraviolet stable
PU, aliphatic diisocyanates are used. PUs are also being more widely used in composites as they are
low cost with high performance and durability, which is believed to contribute heavily to the
longevity of many products 34. There are a wide range of polyols and isocyanates commercially
available leading to an almost infinite possibility of PU material formulations and hence
applications. Two properties that could limit the application of PUs are flammability and limited
stability at temperatures greater than 90 °C.

1.3.4.1 Textiles
PU fibre is widely used to manufacture textiles and elastic yarns due to its high elastic recovery and
elasticity 35. In the tanning industry PU ionic dispersions are modified for the surface dyeing of
leather 36. PU is widely used as an alternative to leather and synthetic fibres, for example, spandex
and shoe soles.

1.3.4.2 Construction
Automotive seating, carpet underlay and mattresses account for a large portion of the flexible foam
PU applications. Free-rise foams are produced due to a simultaneous reaction between a
polyisocyanate with a polyol and water, with water behaving as a reactive blowing agent. While the
reaction between an isocyanate and a polyol produces a urethane group; the reaction between
water and isocyanate generates carbon dioxide and urea. The carbon dioxide gas drives the growth
of foam, as the gas bubbles expand but are entrapped in the reacting mixture. A stable cellular
structure is created by the rapid build-up of the polymer structure counter-balanced with the use
of catalysts and surfactants 37. Carefully modifying the catalyst and polyols used to control the
viscoelastic properties will result in a memory foam. Rigid foamed PUs have been found useful as
thermal and acoustic insulators in closed- cell and open cell forms respectively 17. PU was used as a
protective aircraft coating during World War 2 and is also used in the automotive industry as
microcellular foam seals, gaskets and suspension bushings.

1.3.4.3 Biomedical
PUs, unlike many other synthetic and natural biodegradable polymers have mechanical and
physical properties comparable to natural tissue 16. This, matched with low platelet adhesion and
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in vitro protein adsorption creates many uses of PU in the biomedical industry 17.Within medical
applications of PUs, different biocompatible properties are needed. Generally the rate of PU biodegradation is mainly dependent on the soft segment structure which is composed of the polyols
16

. This is in keeping with the observation that PUs with amorphous structures degrade more quickly

than those with semi crystalline segments. The mechanism for this is, when polymers are placed
into an aqueous medium, water permeates into the amorphous regions encouraging further water
uptake this results in degradation. Commonly PPG, PEG, PCL and glycolic acid are used in
biodegradable PUs as polyols. This can also be achieved using vegetable raw materials, such as
natural rubber, cellulose, starch, molasses and glucose-based polyols. Nontoxic degradation
products are one of the main attractions with PEGs as well as hydrophilicity, solubility in water and
organic solvents and the absence of antigenicity and immunogenicity. PCLs also produce nontoxic
degradation products, its capability to be metabolised and hydrolysed can also be ideal
characteristics, these same attributes cause PCLs to be hydrophobic and reduces its degradation
rate. To increase the degradation rate hydrolysable chain extenders can be introduced into the hard
segments. 1,4-butanediol, 1,2-ethanediamine and 1,2 ethanediol are often used as chain
extenders, with diamines usually being more reactive than di or triols. Currently aromatic and
aliphatic diisocyanates are used in making biodegradable PU systems. Aromatic diisocyanates such
as TDI and MDI have been found to degrade into toxic by-products and are being replaced with
aliphatic diisocyantes such as IPDI, BDI and HDI.
Modified crosslinked PUs that behave as hydrogels, absorbing large quantities of water without
dissolving are available for the biomedical industry 16. This property is useful for wound healing
dressings where an asymmetric membrane made of a PEG polyol prevents the rapid dehydration
of the wound surface and penetration of bacteria. Platelets are attracted to this layer due to its
hydrophilic character which generates the coagulation cascade 38. Polymeric materials often induce
thrombus formation when placed in contact with blood. However, due to their good blood
compatibility PUs have been used in catheters, artificial hearts, vascular grafts and general-purpose
tubing 39. PU is also being used in the implantation of blood vessels and restoration of body organs
damaged in accidents 17.

1.3.4.4 Oil, gas and marine
In the sub-marine industry PUs are used in a range of ways. In electrical connectors, as insulation
around the pins and sockets providing added elasticity for mating; it is also a cost-effective material
used to form the overall profile of the connector. As a backpotting compound, PU, provides
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insulation resistance between cores and stability to the electrical termination of the cable. PUs are
used as high performance adhesives, seals, surface coatings and surface sealants and in the
manufacture of hard plastic parts, e.g. protective overmoulding of sensors. Phan et al. reviewed PU
as a syntactic foam for the lining of ultra-deep (3000 m depth) offshore oil exploration pipelines 40.
Jiang et al. designed and produced a poly (dimethysiloxane) (PDMS) based PU which showed fouling
resistance and surface bactericidal properties

25

. Their study showed a potential for using PU

composites as an antifouling coating. Due to its nonspecific protein resistance and non-toxicity, PEG
polyether PUs were used to create these antifouling surfaces. PEG segments within coatings have
shown anti-adhesion properties towards bacteria, protein and marine organisms albeit short term
25

. Santos et al. developed a PU foam for removal of oil from aqueous systems providing a way of

cleaning oil spills in the sea 22. Zhang et al. reviewed the use of PU in dewatering pipeline inspection
gauges
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. In practice, PU is often used as bend restrictors/ limiters, to encapsulate gauges,

connector cable assemblies (CCAs) and sensors used to inspect pipelines. In the fishing industry, PU
is being proposed in the manufacturing of selectivity grids

42

. In Oceanography, uses include

fenders and tubing on underwater vehicles (AUVs and ROVs) and antenna protection 43. TPUs are
also widely used as the outer sheath on cables. Due to high mechanical characteristics, PU syntactic
foams are frequently used as a filler for three- layer structures in shipbuilding industries 44.

1.3.4.5 Other applications
Other uses of PU include non-flexible, high-resilience foam seating, rigid foam insulation panels
(e.g. in refrigerators), durable elastomeric wheels and tires (used on roller coasters, escalators and
skateboards), condoms, hoses, ink and water based PU with acrylic hybrid nanoparticles has been
proven as a pressure sensitive adhesives

14

. Electrochemical, electrical radiation, optical and

thermometric sensors have been designed using PUs

20

. Kausar reviewed PU composites as a

stimuli responsive material and found PU to be photoactive, water-active, electroactive, pHsensitive and thermoresponsive. The author reported that the entities responsible for the shape
recovery from a temporary deformed shape to original permanent shape were the soft segments
within the PU acting as a molecular switch. Water based PUs are used as adhesives, pigment pastes,
defoamers, coatings, associate thickeners and caulking materials 31. PUs are also used as a water
based environmentally friendly lacquer coating 45. Generally, PUs are often used to protect various
substrates from moisture, ionic contaminants, fire and particulates. As a passive fireproofing
material, PU coatings can be used to reduce heat transfer from a fire to the object being protected
46

. There is a growing interest in the creation of halogen free systems which behave as flame

retardants. Velencoso et al.’s study showed, through the use of phosphorylated polyols, that the
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modification of the polyol was more effective than including physical additives to a coating at
delaying ignition 46. Their study also reported the high volume of OH groups rendered the addition
of a catalyst unnecessary.

PU new advances
Traditionally, to commercial industry, PUs are supplied in two parts, with the chain extender and
catalyst forming part of the polyol component or in TPUs as one part (pellets). Developments in
processing techniques and equipment have opened the door to processing the 4 or 5 components
individually. This provides increased flexibility to alter the hardness to meet a range of applications
and allows further control of the curing reaction. As reviewed by Chen et al. the prepolymer
method, recently becoming the most often used in industry as one of the 4 components allows
greater control over the chemistry of the reaction, process-ability of the finished product,
mechanical properties and influencing the reactivity and structure

47

. This is because the

prepolymer based method for PU synthesis creates a more clearly outlined segmented structure
which is favourable for phase separation 17.
This review would be incomplete if it did not include the most recent advances in PU. One being
the elimination of isocyanates; Non-isocyanate-based PUs (NIPUs) these can be produced several
ways. One way is through the use of poly(tetrahydrofuran) with the use of an initiator such as
methyl trifluoromethyl sulfonate or trifluoromethyl sulfonic anhydride. Another method developed
is based on the interphase condensation of diamines and bischloroformates or a reaction between
carbonates and urea derivatives. Although they were designed to diminish health and
environmental concerns associated with isocyanates no real commercial applications have been
realised. However, due to this advantage their development is still of great interest 17.
Another advance is PUs that react when heat or ultraviolet light is applied, creating a similar curing
profile to that achieved using an Hg catalyst. Decker et al. completed a study of a dual-cure system
for curing PU, which combines UV irradiation with a thermal treatment. This was in response to
shadow areas which are difficult to reach with UV radiation on complex 3D objects. The system
must contain two reactive functional groups: a UV curable and a thermal curable functional group.
Their goal was to create a single component PU, which could be stored for months in a water-based
formulation that could be cured consecutively by UV- irradiation and a thermal treatment. This was
achieved by the creation of a single oligomer chain containing an acrylate double bond (UV curable),
a protected isocyanate group (so that it does not react with water), a hydroxyl group to react with
the isocyanate (once unblocked during heating) and a carboxylate anion to make the oligomer
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dispersible in water. The final product was proven useful as a protective layer on an organic material
exposed to sunlight 48.

Connector-cable assemblies for the marine application
A connector cable assembly (CCA) as referred to throughout this thesis is made up of 3 components:
a connector, a cable and a protective overmoulding (Fig. 1.10). A connector is defined by Buggy et
al. as “An electromechanical component which provides a separable interface between two
subsystems of an electrical system without an unacceptable effect on the performance of the
system” 49. A cable is defined as an insulated wire or wires having a protective casing and used for
transmitting electricity or telecommunication signals. An overmoulding is often an injection
moulding process that offers improvements in product resilience and appearance. The protective
over moulding is referred to as such, because it protects the electrical termination of the cable to
the connector physically from water ingress and mechanically from strain. Material selection is a
key parameter for successful design in each component 49. For each of these components there are
a wide range of materials that could be used making it essential that not only are the operating
conditions taken into consideration but the interactions between the components within. At
Teledyne-Impulse-PDM, CCAs are created for a wide range of uses and applications including
transducers, tow cables, seismic streamers, under-water cameras, light source and intercontinental
information transfer. These are used on offshore oil rigs, surface vessels, aircrafts, AUVs and ROVs,
seismic vessels, subsea pipelines and diving suits.

Figure 1.10 A schematic of a cable connector assembly 50.

23

Manufacturing connector-cable assemblies for the marine industry
Cores within a cable are soldered to solder buckets in a connector to create an electrical
termination; stability is frequently increased by backpotting. This process involves applying an
electrically insulative material around the soldered joints to fill the air space in the back-shell which
is quite often a PU. The final stage of this process is the addition of a protective overmoulding. To
perform its function of protection, the protective overmould needs to be successfully bonded to
the individual components.

1.4.1.1 Preparation for improving bonding
Preparation is the conditioning of a surface for the successful application of a coating. Surface
preparation has two functions: to clean, remove contaminants or loosen material and secondly to
provide a suitable surface for the adhesion of a coating. Cable sheaths are best prepared in four
consecutive steps: clean, abrade, clean, apply adhesion promoter. Cleaning is carried out with a
solvent: acetone, butanone or isopropanol alcohol are most frequently used. Solvent selection as
well as roughness of the abrading tool or paper grade is dependent on the cable jacket type. In the
marine industry, the cable jacket is most often PU but can be a polyolefin (often polyethylene (PE)),
polytetrafluoroethylene (PTFE), polychloroprene (CR) or polyvinyl chloride (PVC). Some solvents
will attack the cable sheath for example the use of acetone on PVC. Some cable sheath materials
are very tough and require a larger grit size abrading paper to create the desired roughness. The
roughness of the cable is responsible for the mechanical key, affecting the final bond strength.
However, care must be taken to not over roughen the surface.
A connector back-shell can be manufactured from a range of metals; Fig. 1.10 shows this as 316L
stainless steel. Similarly, with cable, the four consecutive steps are clean, abrade, clean, apply
adhesion promoter. However, for metals a grit blaster is commonly used as oppose to abrading
paper. This alters the roughness of the metal while cleaning and removing the top oxidised layer.
In order to achieve a good bond, it is essential that the adhesion promoter is applied within 15
minutes of the metal being cleaned to prevent the oxidation of the top layer of metal. Alternatively,
the back-shell can be manufactured out of a hard plastic. The preparation steps are the same as
that of metal, in that grit is used to roughen the surface. However, other surface energy
modification techniques such as laser surface treatment, or corona discharge may be used to
increase the surface energy.
Extensive research was carried out by Makama et al., on the use of different media for grit blasting
50

. Their study was based on producing assemblies for the marine industry and compared SiC to
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Al2O3 grit. They found a noteworthy improvement in bond strength using SiC in comparison to Al2O3.
Various grit sizes, pressures and distance from the substrate being prepared were considered. They
found an increased in grit size was not directly proportional to the final roughness, nor an increase
in roughness to an increase in the bond strength. Interestingly they also found using Al2O3 resulted
in the embedment of particles which reduced the bond strength. The end result of this study was
the development of a procedure for the preparation of metal for improved adhesion, which is
proprietary to Teledyne 50.
In some cases, the connector is completely polymeric often PU or CR, the section to be
overmoulded would be prepared similarly to a cable sheath.

1.4.1.2 Protective overmoulding
For bonding while encapsulating, a sealed, closed cast injection moulding method is used. This
procedure uses a metal mould tool, which is a negative cavity of the final overmould shape, usually
made of aluminium and is designed to accommodate the connector and the diameter of the cable
jacket. This method is referred to as closed cast as the mould tool has small filing and exit ports and
is otherwise completely sealed; this results in a build-up of pressure as the injected liquid material
solidifies. The mould tool is machined to shape to create a smooth, reflective highly polished
surface finish. This mould finish is reflected in the aesthetically pleasing surface finish of the PU
moulding (Fig. 1.11).

Figure 1.11 A series of different size and shaped PU overmoulded CCAs; the section circled is a true picture of schematic
shown in Fig. 1.10.
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Effects of removing Hg from PU catalyst
The use of phenylmercury mixtures has a REACH restriction placed on them by The European
Chemical Organisation which dictates that the five phenylmercury mixtures (phenylmercury
acetate, phenylmercury propionate, phenylmercury 2-ethylhexanoate, phenylmercury octanoate
and phenylmercury neodecanoate) shall not be manufactured, placed on the market or used as
substances or in mixtures after 10th October 2017, if the concentration of Hg in the mixture is equal
to or greater than 0.01 % w/w.
Hg-based catalysts are ideal for the type of reaction needed for encapsulating a connector and
cable. Hg retards the reaction initially allowing adequate processing time then initiates a rapid cure
11

, so that once the working time is reached, the material quickly cures (Fig. 1.12a) . This allows the

material to be correctly applied and manoeuvred before it starts to react, for bonding while
encapsulating this reaction is ideal. At the time when this process for manufacturing PU was
patented, other metals such as Sn were tried as catalysts and were proven not to be as effective.
Sn also has the added setback of encouraging a reaction between moisture and the isocyanate
instead of the hydroxyl groups that ideally should be reacting with the isocyanate 51.

Figure 1.12 Depiction of PU reaction rate (a) with an Hg catalyst, (b) with a non-Hg catalyst; where (i) processing time (pot
life), (ii) polymerisation reaction, (iii) reaction to green strength and (iv) maximum exothermic temperature achieved.

The point X shows the overall time to demould is fixed and Y shows that the volume of PU created
is also fixed with a similar maximum exotherm temperature (iv).
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The processing time (i) of a mercury cured PU while maintaining the overall time to green strength
(iii), is double that of the non-mercuric reaction. While the time from pot life until a plateau of the
reaction (polymerisation) (ii) is 3 times longer in the non-mercuric reaction showing a more gradual
reaction rate in comparison to the ‘snap cure’ observed in mercuric PU systems (Fig. 1.12b). This
shows that while keeping factors such as the amount of PU produced, temperature and time to
demould constant there is a difference in the reaction rate throughout the curing process.
Suggesting some control of the reaction rate is essential, especially for bonding while curing.

Aims
The purpose of this research is to support the sponsoring company Teledyne-Impulse-PDM, in
consistently supplying reliable CCAs. These assemblies are not only used in harsh environments
but often on life-dependent and multi-million-pound equipment. Stressors such as moisture,
pressure or UV exposure (which is the general environment of use) are known to reduce mechanical
and physical properties of polymers 34. There are constantly developing legislative requirements to
use safer starting materials and requests from end users for the product to last in excess of 25
years. This coupled with the fact that sudden failure or planned replacements can be quite
expensive proves the necessity of this research. One example of legislative requirement is the
removal of heavy metals (Pb and Hg) to reduce the environmental impact and human exposure.
These requirements affect the sub-marine, oil and gas industry and directly affects TeledyneImpulse-PDM who manufacture cable connector assemblies which often contain polymers using
heavy metals as a catalyst or stabiliser.
While some work has been completed on the degradation of polymers, there is a lack of research
on the effects removing heavy metals from PU will have on processing and degradation .
Furthermore, this data could serve as a tool in selecting future replacement materials and as a
diagnostic tool. Properties that can be measured using a small sample (10 mg), e.g. thermal
properties or chemical analysis and correlated to mechanical and electrical properties will be an
indispensable tool.
The expected outcomes include characterising the raw materials used to manufacture PU and draw
conclusions on how the chemical and physical structure affects the resulting properties. There is
also an expectation to investigate PU as a protective overmoulding and monitor how this affects
the durability of the final product.
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The aim of this project is to assess the durability of the materials and design of Teledyne-ImpulsePDMs cable connector assemblies, with scope for improvement based on initial results. To also
increase confidence in products, as materials are well characterised, consistently processed and
specifically chosen for the application.

Research questions

Main research question
Is a readily available compliant polyurethane (without the addition of a Hg catalyst) suitable for use
as a protective overmoulding in the sub-marine industry?

Sub questions
1. a. How can AFM, FTIR, NMR, ICP-OES, TGA and DSC, be used to characterise the thermal
properties, macro-structure, chemical structure and make-up of commercially available
PUs?
b. Do the mechanical, physical and electrical properties required for a sub-marine
application correlate to the properties described in 1a?
2. How can the characterisation techniques listed above be used to reliably determine and
compare the durability of PUs used as a protective overmould in CCAs?
3. a. What effect if any does the removal of the Hg catalyst have?
b. What processing techniques and tools are required to consistently manufacture
compliant PUs into durable CCAs?
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Project plan
The aims will be addressed in this thesis using the outline shown in Fig. 1.13.

Figure 1.13 Project plan flow chart.
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2 Chapter 2: Relevant PU characterisation techniques

2.1 Introduction
This chapter is a literature review of the techniques regularly used to characterise PUs, focusing on
change in properties as a result of ageing. Many researchers including Jana et al. 13, Krol et al. 17,
Nicholas et al.
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and Davies et al.
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use a combination of techniques to correlate chemical

composition with thermal and mechanical properties to establish suitability and durability.
Techniques detailed in literature include DSC, TGA, DMA, FTIR, Tensile testing, SAXS, AFM, GPC,
SEM, colorimetry, impact test and measuring mass and density variation in conjunction with ageing
in artificial and real sea water and exposure to hygrothermal and UV stressors.
Full characterisation of the individual components and cured polyurethane (PU) will be carried out.
Chemical characterisation of PU components: isocyanates, polyols, catalysts and chain extenders,
will be performed using nuclear magnetic resonance (NMR), here, molecular weight, chemical
composition, NCO content and NCO:OH, ratio will be analysed. Inductively coupled plasma- optical
emission spectroscopy (ICP-OES) will be used to determine metal ion concentrations to ensure
regulation compliance and provide insight to alternative catalysts.
PUs as manufactured (cured) will be analysed to monitor any correlation between physical
characteristics, chemical structures and thermal properties to the desired mechanical and electrical
properties. Physical characterisation will include the use of imaging technique, Atomic force
microscopy (AFM). Physical changes, such as hardness and mass change are also useful in
monitoring durability. Fourier-transform infrared (FTIR) spectroscopy will allow unique
identification of the components and final cured product, for suitability and comparison.
Understanding the initial chemical structure is key to correlating any changes during degradation.
Thermal properties of the cured PUs will be investigated using Thermogravimetric analysis (TGA)
and Differential scanning calorimetry (DSC). The critical performance properties for cable connector
assemblies (CCA) are mechanical and electrical, hence tensile strength, volume and surface
resistivity and dielectric strength will be monitored. The rates of degradation of these critical
properties in PU are not well reviewed in literature.
The combination of these techniques aid in the investigation of similarities in the replacement and
legacy PUs (PUs Teledyne-Impulse-PDM have used for the past 25 years).
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2.2 Imaging studies
2.2.1 AFM
AFM (Fig. 2.1) is a type of scanning probe microscopy (SPM). In AFM, a tip is attached to a cantilever
beam and the force acting on the tip causes a cantilever to deflect. The distance between the tip
and the surface being examined is important to the force measured, but not easily established. The
technique works by the tip contacting the surface and scanning laterally. The surface creates a
repulsive force to the tip resulting in a surface topography image 52. AFM with direct contact, makes
it difficult to image real atomic arrangements as contact can often damage not only the tip, but also
the surface being examined. Alternatively, non-contact AFM or dynamic force microscopy has been
introduced. For these techniques as the name suggests there is negligible contact between the tip
and the surface as the tip hovers above the sample. Precisely measured frequency changes of the
resonating tip-bearing cantilever are recorded, as a result of changes in much weaker attractive
forces in comparison to stronger repulsive forces the cantilever experiences. These forces cause
the cantilever to shift its oscillation from its known near resonant frequency with a certain
oscillation amplitude, corresponding to surface viscoelastic properties and topography 52.

Figure 2.1 Schematic of AFM 53.

Kongpun et al. reports that although the hard and soft phases in polymers do mix, to some extent
there is still a degree of phase separation. Resulting in a structure described as hard domains
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dispersed within a soft segment matrix 18. Jiang et al. used AFM in tapping mode to investigate
surface morphology of a PU film 25. 3D and 2D phase images were created of different PU networks
with different compositions (Fig. 2.2). They were able to distinguish between soft and hard
segments using the dark and bright regions respectively due to their modulus.

Figure 2.2 3D and 2D phase images of a PU film 25.

Krol used thin PU films to investigate the size and shape of the hard domains and how dispersed
they were within the copolymer matrix 17. He found this technique useful in visualising the surface
micro-structure as it can detect changes in flexibility of the polymer surface. A less flexible material
shows improved strength but meant the PU chains are more rigid as a result of cross- linking. Krol
similarly to Jiang et al. reported that the light-coloured places represented hard domains and are
most often grouped together into compact areas and rarely dispersed throughout the matrix.
Sakamoto et al. investigated the structure of the surface of an electrospun PU nanofibre using AFM.
They successfully visualised the phase separated structure of the nanofibre. Correlating
manufacturing technique with the molecular orientation and order of the phase separation. In
their study, stretched and un-stretched electrospun nanofibres were imaged. The results showed
not only phase separation, (light areas attributed to hard segment domains and the dark areas to
soft domains), it also showed uniformity of the phases in the nanofibres stretched while spun (Fig.
2.3). The presence of these separated phases was further confirmed by imaging a PU film created
by dip coating (Fig. 2.4) 54.
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Figure 2.3 AFM images of electrospun PU fibres, stretched (a,c and e), unstretched (b,d and f) 54.

Figure 2.4 AFM images of a dip coated PU film, height image (a), phase images (b and c) 54.

All reviewed literature on AFM agree on their findings, i.e. this technique can be used to determine
phase separation.
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2.3 Chemical analysis techniques
2.3.1

FTIR

FTIR provides spectra concerning the type of bonds within a sample (and can be used on solids,
liquids or gases). Covalent bonds absorb energy to stretch or bend and thus this energy is missing
from the spectrum giving a peak at a specific wavelength. FTIR is a non-destructive technique that
can be used to qualitatively understand the composition of monomers and the degradation of
polymers using a very small sample size (milligrams). In this technique (Fig. 2.5), infrared radiation
produced by a source hits a beam splitter dividing the beam into two. Each beam is reflected, one
to a fixed mirror and the other a movable mirror of known distance, after which the two beams are
recombined creating destructive or constructive interference depending on the separation distance
between the two mirrors. Due to the interference one beam returns to the power source and the
other passes through the sample to reach a detector. This information is accumulated as hundreds
or thousands of interferograms due to the speed and high accuracy of the process. This information
is then converted through a Fourier transform to a transmittance or absorbance spectra against
wavenumber (equation 2.1)

Equation 2.1 Relationship between wavenumber and wavelength.

𝜈=

where
ν = wavenumber
λ = wavelength
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𝜆

Figure 2.5 FTIR schematic 55.

FTIR allows the monitoring of key functional groups as the intensity of the peak decreases and as
the peak wavenumbers shift 13. The expected vibration of functional groups in PU are well
documented in literature 37, 46, 56.

2.3.1.1

Cured PUs

In a PU NMR spectra, unreacted NCO (excess isocyanate groups) occur at 2290 cm-1; unreacted
hydroxyl groups (OH) at 3400 cm-1; N-H stretching vibrations appear at 3500-3100 cm-1; C-H
stretching vibration of the methylene group at 2875-2970 cm-1; C = C present in the benzene ring
occur at 1602 cm-1; ether groups C-O-C at 1250-1000 cm-1 and C=O at 1850-1600 cm-1 (Table 2.1) 56.
For reference, a monomer unit of an MDI – polyethylene glycol polyol PU is shown in Fig. 2.6.

O
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Figure 2.6 Monomer of MDI-polyethylene glycol PU.
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Table 2.1 FTIR wavenumbers for PU functional groups

Wavenumber [cm-1]

Assigment

56.

Vibration

Compounds

Tv [°C]

3730

Stretching

H2O, R-OH

556

1600-1500

Bending

3100-3000

Stretching

Benzene ring

320

3000-2900

Stretching

Alkyl

330

2340

Asymmetric

CO2

560

CO

542

stretching

667
2200-2100

Bending
CO

Stretching

1740

Stretching

1600-1450

Stretching

1362

Stretching

1150-900

Stretching

330

Skeleton of benzene

320

330

Ether

330

During degradation, the chemical structure of a material changes as the material is attacked.
Swarnalata et al. conducted a study of the degradation of a biobased polyester PU in natural soil.
Using FTIR and two different PUs (PEPU and PEPUNC) they were able to show the degradation of
the urethane linkage and the hydrocarbon domain. Samples were analysed before exposure, after
20 days and after 40 days (Fig. 2.7).

36

Figure 2.7 FTIR spectra for A PEPU and B PEPUNC (a) before, (b) after 20 days and (c) after 40 days degradation in soil
burial medium 57.

The before exposure a for both types of PU spectra, are very similar and are consistent with those
expected for PU. As exposure time increases there is a change in the peak intensity at 3334, 29232839 and 1738 cm-1 particularly for PEPU (these peaks corresponds to urethane group, -NH
stretching and carbonyl urethane stretching, respectively). Peak changes in the same region were
also observed when these PUs were exposed to hydrolytic-salt water 57.

2.3.1.2

Isocyanates

Literature evaluating the FTIR spectra of various PUs often comment on the expected absence of a
peak corresponding to NCO functional groups (the characteristic stretching band of NCO). This peak
would be in the 2250 to 2300 cm-1 region according to 4 studies 58-61. This peak is a unique identifier
for isocyanates. Other expected peaks for MDI include one in the 1600-1450 cm-1 region for the
aromatic C=C double bond as the result of the stretching of the benzene skeleton. Also, a peak in
the 3100 to 3000 cm-1 region for the C-H group stretching within the benzene ring.

2.3.1.3

Polyol

A study conducted by Malik et al. to investigate the influence of isocyanates on the properties of
PU adhesives, used a series of aliphatic and aromatic isocyanates 62. Properties considered were
green strength, gel time, cure time and lap shear strength. They claim to have synthesised a PU
adhesive with better performance than commercially available adhesives. Their polyol derived from
canola oil is described as a polyether-ester polyol, with a hydroxyl value of approximately 400. They
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used FTIR to confirm the stages from oil to polyol using a ring opening reaction (Fig. 2.8). Polyol
formation was confirmed by the strong bands at 3440 cm-1 due to hydroxyl group symmetrical
stretching, 1180 cm-1 corresponding to ether linkage (C-O-C) (asymmetric stretching) and 1740 cm1

stretching band of carbonyl group appeared (C=O). Signals at wavenumber ranging from 2800 to

3000 cm-1 are due to the expected stretching vibrations of sp3 hybridized C-H bond.

Figure 2.8 Percentage transmittance spectra confirming epoxidation of canola oil to a polyol 17.

A useful table created as the result of a study carried out by Zhang et al. focused on synthesising
high impact resistant PUs, the table (Table 2.2) compares the spectra of a polyester polyol to the
resultant PU 61. This is useful as it shows the shift for each functional group after the polymerisation
reaction.
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Table 2.2 Wavenumbers for polyester polyols and corresponding PU functional groups

61.

Wavenumbers [cm-1 ]

Functional group

Polyester polyols

PUs

-OH stretching

3540-3400 (broad band)

-

>C=O stretching (polyester)

1727

1684

-CH2 stretching symmetrical

2838

2827

-CH2 stretching asymmetrical

2938

2927

C-H bending

1457, 1383

1465, 1391

C-O stretching (polyesters)

1175

1236

C-O-C stretching (polyesters)

1038

1036

-(CH2)n stretching (polyesters)

756

768

-NH urethane

-

3380

N-H deformation

-

1521

>C=O urethane

-

1724

2.3.1.4 Chain extender
In the literature, FTIR transmittance spectra of PUs are readily available; however, there are very
little FTIR data available on the building blocks. One would expect chain extenders would have
similar, but simpler spectra to polyols, with a broad peak ranging from 3200 to 3500 cm-1 for the OH group, 2800 to 3000 cm-1 for C-H2 stretching, and a peak at 1100 cm-1 for the C-O group. A signal
is also expected for the C-C bond.
The literature provides consistent data on the expected wavenumber and type of peak (sharp or
broad) to expect for the different behaviours of each functional groups. Data from the individual
components can be extrapolated from the cured product’s FTIR as peaks of excess have been
reviewed. However, due to small shifts this should be done with some care. Overall FTIR is a good
technique to identify the individuality of a polymer. FTIR can and is often used to monitor
degradation as changes in chemical structure are often prominent on FTIR spectra.

2.3.2

NMR

NMR uses radio frequency irradiation and magnetic fields to stimulate a response from atomic
nuclei to assess molecular properties. The basic schematic of the equipment is shown in Fig. 2.9 63.
With modern NMR the applied magnetic field is fixed, while the sample is bombarded with pulses
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of a range of radio waves of a known frequency, which are absorbed as energy (equation 2.2). The
amount of energy released as a proton within the atomic nuclei returns to its unexcited state, is
recorded and a graph of frequency against intensity is produced. For ease of data presentation and
calculations an internal standard can be used, results are then reported relative to it as ppm against
intensity.

Equation 2.2 Relationship between energy absorbed and frequency.

𝐸 = ℎ𝑣
where
E = Energy
h= Plank’s constant
ν = Frequency

Figure 2.9 NMR schematic 63.

NMR can be used to understand the chemical structure of the isocyanates, polyols and extenders
used to form the commercial PUs. It is key to understand the NCO and OH content as a link between
the NCO:OH ratio and the mechanical strength of the end product has been reported in literature
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64-66

. Also reported is a link between the free NCO content and the bond strength. For example, in

Desai et al.’s study, 30 % excess NCO resulted in better strength in the formulated PU adhesive, this
was found to be the optimum value 67.
1

H and 13C NMR (1D and 2D) are the obvious NMR techniques for unique identification, although

19

F NMR for end-group analysis of isocyanates 68 and polyols 69 have been reported by Moghimi et

al. These papers use a fluorinated isocyanate (4-fluorophenyl isocyanate, FPI) to react with the
polyol(s) (Fig. 2.10) and a fluorinated alcohol (1,1,1,3,3,3-hexafluoro-2-propanol, HFIP) to react with
the isocyanate(s) (Fig. 2.11), self-limited PU reactions. 1,4-diazabicyclo[2.2.2]octane (DABCO) or
dibutyltin dilaurate (DBTDL), both strong bases, are used as catalysts in these reactions; α,α,αtrifluoro toluene (TFT; PhCF3) is used as internal standard to allow quantification. Moghimi et al.’s
studies using 19F NMR to determine isocyanate and hydroxyl content in PU components showed
many advantages over traditional techniques, titration, chromatography and calorimetry. This
technique was found to be accurate, time saving and favourable due to the absence of fluorine
nucleus in the back-bone of many polymers and its ability to detect low levels of isocyanate
functional groups. This technique is also carried out in situ. Values obtained using 19F NMR were
similar to theoretical values and those obtained using a titration-based method, these results were
further supported by 1H NMR. The reaction to calculate the hydroxyl number using a fluorinated
isocyanate and the reaction to calculate NCO content using a fluorinated alcohol or polyol are
shown in Fig. 2.12 and 2.13 respectively.

Figure 2.10 Reaction of an alcohol and a fluorophenyl isocyanate used to determine the hydroxyl number (mean relative
molecular mass, via 19F NMR end group analysis).
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Figure 2.11 Reaction of a di-isocyanate with a fluorinated alcohol used to determine the NCO content of isocyanates via
19F NMR end group analysis.

Where the reaction in Fig. 2.10 produced a 19F NMR spectrum as shown in Fig. 2.12 and the reaction
in Fig. 2.11 produced the 19F NMR spectra shown in Fig. 2.13.

Figure 2.12 19F NMR spectrum using TFT as a standard in a sample containing primary and secondary alcohols reacted
with 4-fluorophenyl isocyanate 69.

Fig. 2.12 shows the resultant 19F NMR spectrum for reacting a mixture of 2- propanol and 1- butanol
(1:1 v/v%) with an FPI. The hydroxyl content of the primary and secondary alcohols were known
and TFT was used as an internal standard. A peak was observed at -116.07 ppm for the excess FPI
and a peak for the product at -120.10 ppm. As an internal standard was included the integration of
the resonance was comparable. They found the total hydroxyl content of the mixture by 19F NMR
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to be 0.35 mmol which was similar to the calculated value of 0.36 mmol. They also found where
moisture was introduced another peak appeared. They concluded that urethane and urea (as a
result of moisture) signals were substantially characteristic appearing in the 120 and 121 ppm
regions, respectively.

Figure 2.13 Comparison 19F NMR spectra (a) reaction mixture containing HFIP, catalyst and TFT, (b) with the addition of
MDI (30 min) 68.

Fig. 2.13 shows the resultant 19F NMR spectra for reacting MDI (as the isocyanate value is known)
with an excess of a fluorinated alcohol (HFIP). (a) shows signals for TFT and HFIP the reactant, once
MDI is introduced a signal appears at -74 ppm for the urethane product while the intensity of the
HFIP peak at -76 ppm is reduced shown in (b). The integral of this product peak analysed in respect
to the internal standard allowed the calculation of the isocyanate’s NCO content. The lack of an
MDI peak shows it was all used up.
This technique provides quantitative information on the NCO and hydroxyl content and has been
proven to provide results similar to those calculated using traditional methods, based on chemical
structure and values provided in literature. This data could further be used to calculate Mr values,
NCO:OH ratio and the amount of free NCO functional groups. This is useful because a decrease in
molar mass has been linked to an increase in the fraction of hard segments based on a study using
two different chain extenders 70.
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2.3.3

ICP-OES

ICP-OES works by subjecting argon gas to a high frequency field, creating a high- temperature
plasma which the sample under test is sprayed into. Wavelengths and intensities from emissions,
from excited ions and atoms in the sample solution are used to define qualitatively and
quantitatively the elements present. A schematic is shown in Fig. 2.14. This technique has been
used to quantitatively measure trace elements in liquid samples and for microanalysis of elements
regulated by RoHS and REACH 71. ICP-OES provides quantification of trace/low concentrations of
metal ions in samples and thus should prove valuable for investigating catalysts in polyols; its use
for analysing metal ions in PU foams for forensic applications has previously been reported 72.

Figure 2.14 Schematic of ICP-OES 71.

2.4 Thermal analysis methods
Generally when using polymers in CCA, the important thermal properties to consider are thermal
conductivity, specific heat, heat deflection temperature, thermal degradation, coefficient of linear
expansion, softening point and mould shrinkage 73.

2.4.1 TGA
In TGA, a sample of material (ca. 10 mg) is placed in a basket on a precision balance in a furnace
(Fig. 2.15). The change in mass is continually measured as the sample is heated and change in mass
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vs. temperature is recorded. An inert or reactive gas flows over the sample to control the
environment; this then exits through an exhaust.

Figure 2.15 A TGA schematic 74.

This technique can be used to quantify loss of water, loss of plasticiser, oxidation, thermal stability,
loss of solvent, chemisorption and decomposition. TGA is an extremely useful technique as an
attachment to FTIR, where the gases produced can also be analysed for chemical composition,
allowing a direct correlation to chemical structure decomposed at a specific temperature. Thermal
degradation of urethanes is well known to begin at 250 °C with results often showing a bimodal
profile, the first mode is thought to be associated with the degradation of the hard segments and
urethane bonds dissociation 75. Two clear main steps on a TGA thermogram confirms good phase
separation. A thermal decomposition study could produce valuable information on the phase
structure of PU

76

. Usually, due to the considerable amount of heat PUs can withstand,

thermostability is dependent on the number of urethane linkages and aromatic moieties present
77, 78

.
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Crompton et al. reports thermogravimetric decomposition kinetics obtained from TGA can be used
to calculate the lifetime of a sample at selected temperatures, temperature that will give a selected
lifetime and lifetimes at all temperatures at known percentage conversion 79. Suresh et al.’s study
of an alternative short chain diol (cardanol diol) incorporating decomposition by TGA showed the
expected bimodal profile Fig. 2.16 76. They used a PTMEG polyol with an IPDI isocyanate and a series
of chain extenders, where PU1 contained 13 wt.% cardanol, PU2 26 wt.% cardanol and PU3
butanediol (BDO) 9 wt.%. They report more pronounced changes at the second decomposition
stage, which are attributed to the soft segment degradation.

Figure 2.16 Thermograms showing thermal stability of PU films using different chain extenders and concentrations 76.

In summary, TGA of PUs is expected to be bimodal and can be used to confirm not only phase
separation but the degree of phase separation which is dependent on the clarity of each
decomposition mode. TGA provides corresponding decomposition temperatures of each phase
producing information on the thermal stability. Thermal degradation is expected at approximately
250 °C and information on loss of water, plasticiser and inorganic additives can be gained.
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2.4.2 DSC
In DSC, two pans are heated and cooled at the same rate, one containing the sample of known mass
under test and the other empty. This technique measures heat flow rate (the movement of heat in
and out of the sample), the sample is kept at a set temperature using a feedback system, while
simultaneously measuring the power needed to do this against the empty reference pan (Fig. 2.17).
DSC can be used to provide information on heat of transition, melting point, glass transition
temperature, crystallisation time and temperature, % crystallinity, oxidative stability, specific heat,
degree of cure-onset of cure, rate of cure- heat of cure, thermal stability, compatibility of polymer
blends, reaction kinetics, resin substrate uniformity in composites and polymer heat history 79.

Figure 2.17 A DSC schematic 80.

DSC is a valuable analysis technique as thermal properties depend heavily on the microstructure
and the degree of phase separation in the polymer 17. A large amorphous phase results in a softer
polymer and a lower Tg with a narrower temperature range. Alternatively, a semi-crystalline
polymer or highly crystalline material will also show a crystallisation temperature which can be
integrated to give a percentage crystallinity. A typical DSC thermogram shows three main events
glass transition, crystallisation and melting temperatures (Fig. 2.18). Whether the event shows as a
peak (endothermic) or a trough (exothermic) depends on if the heat flow is increasing along the y
axis.
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Figure 2.18 A typical DSC thermogram 81.

In one study, DSC was used to confirm phase separation; this study was aimed at comparing a neat
PU with a SPU (the addition of a stabiliser) when aged using a hydrothermal and a UV environment
separately. They concluded, the noticeable decrease in Tg (in the region of -26.3 to -30.3 °C) as UV
ageing time increased, was the result of breaking urethane linkages, giving the soft segments more
freedom to move. They go on to state the second endothermic transition (27 to 34 °C) increased
with an increase in irradiation time and is characterised by the melting temperature (Tm) of the hard
segments. It is believed these hard segments are freed after the breakage of the urethane bond;
this was supported by FTIR and mechanical analysis. From their data (Fig. 2.19 and 2.20), it appears
phase separation is only apparent after UV radiation/ ageing and urethane bonds are broken 13.

Figure 2.19 DSC traces of neat PU after ageing for (a) 0 h, (b) 720 h, (c) 1440 h and (d) 2160 h
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13.

Figure 2.20 DSC traces of SPU after UV ageing for (a) 0 h, (b) 720 h, (c) 1440 h and (d) 2160 h 13.

While Krol’s study states that if the hard and soft phases within a PU become immiscible, two
different Tgs will be observed, representative of two separate phase transitions for the different
regions 17. Additionally, crystalline phases can form within those regions resulting in a measurement
of two separate melting points. With the disclaimer that this is unique for linear and segmented PU
elastomers, which can be produced using a prepolymer based method. Krol’s study, with the use
of the DSC method demonstrated substantial differences within the two glass transition
temperatures.
These findings were further supported by a study by Garcia-Pacios et al., they compared thermal
properties for 3 different classes of PU synthesised with an IPDI 26. All three showed two glass
transition temperatures with a separate melting temperature. In this study the lower Tg (Tg1) is
attributed to soft segments showing interactions between the hydrocarbon chains and the higher
Tg (Tg2) to interactions between the heteroatoms within the polyol. Their values including the
melting temperatures are shown in Table 2.3.

Table 2.3 Tgs and Tms for three PUs using different classes of polyols 26.

PU polyol type

Tg1 [°C]

Tg2 [°C]

Tm [°C]

Polyether

-32

-8

182

Polyester

-36

-4

173

Polycarbonate

-21

-1

130
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A study conducted by Shih et al. used ATR-FTIR with DSC and a universal testing machine to monitor
the effects of NCO:OH molar ratio on the morphology and physical properties of PU reactive hot
melt adhesives using prepolymers 82. They showed a high degree of microphase separation with a
significant increase in the hydrogen bonded urea signal as the NCO content increased. As the NCO
content increased, the Tg also increased.
Another study conducted by McCreath et al. used DSC to evaluate thermal properties of a high
clarity PU based adhesives, their goal was to understand the effect of the selected isocyanate and
chain extender 59. They state the original DSC scan is important as it represents the morphology as
created during curing while the second scan shows a more overall insight into the morphology.
Using a series of isocyanates and chain extenders they were able to calculate crystallinity and
weight percent of the soft phase; they were interested in the effect of chain extenders on the
microphase structure. They observed using MDI isocyanates, a single Tg which showed a slight shift
at the introduction of a diol chain extender. They believed this shift was due to a change in the
packing arrangement as a result of diol chain extenders within the hard phase creating a greater
phase mixing. Greater phase mixing is the result of better compatibility between the two phases
preventing soft segment crystallisation. For their polycap-MDI PU with the additional BDO as a
chain extender they observed a broad Tg range for the soft segment of -41 to -30 ˚C and 0 %
crystallinity on the first run. On the second run they observed a Tg of -33 ˚C for the soft segment,
two Tm s at 193 and 227 ˚C; these were believed to both be the result of dissociation of hydrogen
bonds within the hard segments.
Another study by Blache et al. used isosorbide and BDO as chain extenders 70. Across 8 formulations
they measured two Tgs during the first heating cycle, firstly at approximately -46 °C which they
believe was not influenced by the hard segment content with a second Tg at approximately 130 °C
in some formulations which they attributed to the hard segment phase. Their findings confirmed
phase segregation, with a second heating cycle showing a single Tg around -46 °C. They went on to
suggest in PTMEG/MDI/BDO systems, multiple melting endotherms were attributed to the melting
of ordered hard segments followed by the melting of microcrystalline hard segment domains.
This literature review of PU analysed by DSC shows this technique may be used to confirm phase
separation. There is some disagreement as to whether phase separation can be observed using DSC
before degradation begins. Tg will most likely be broad or show two separate troughs; a Tm value is
also expected and possibly two Tms dependent on the order within the regions. A percentage
crystallinity value or Tc has not been reported in the literature for a polyether/MDI/BDO PU. Tg
values may also be linked to NCO content.
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2.5 Mechanical testing techniques
2.5.1 Tensile Testing
The tensile strength of a given material is measured by applying stress to that material in tension
and monitored using a load cell. A sample often in the shape of a dumbbell is fixed between two
grips and pulled uniaxially, as shown in Fig. 2.21 and the distance elongated can be measured using
an extensometer. This results in a stress-strain curve from which Young’s Modulus, ultimate tensile
strength, percentage elongation and toughness can be obtained.

Figure 2.21 Schematic of tensile stress-strain equipment with extensometer

83.

Tensile strength is a fundamental material property and data are readily available in literature for
a range of commercial and non-commercial PUs. Skaja et al. conducted a study monitoring the
degradation of mechanical properties during the accelerated weathering of polyester urethane
coatings
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. They measured tensile modulus, tensile strain at break and modulus by

nanoindentation. In their study they found tensile modulus measured above that material’s given
Tg decreased with ageing and the material became brittle with surface cracks and flaws that would
initiate failure. However, tensile modulus of coatings measured at room temperature, i.e. below Tg
increased with ageing.
De Oliveira et al.’s study on PU for a bend stiffener application, focused on seawater and weather
ageing, while they do not state the type of polyol or isocyanate used they have reported the
mechanical behaviour was significantly altered 78. They reported an increase in tensile strength of
the weathered samples, indicating an increase in the materials stiffness in comparison to non-aged
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material. They believed this was due to the oxidation process causing chain scissions which lead to
molecular recombination or additional crosslinking for longer ageing times. The opposite was
observed for samples aged in artificial seawater which showed a reduction in strength this was
attributed to a plasticiser effect which also proved to be reversible.
The tensile strength of PU can vary from 0.1 to 70 MPa dependent on the chemistry, final form and
measuring technique. Hence, there is not much comparative data available in literature. However,
a study by Sonnenschein et al. demonstrated that PTMEG and PCL based PUs exhibited higher
values of tensile strength and toughness in comparison to PEG and PPG 85. For example, values
measured for the PPG were approximately 6 MPa whereas values for the PTMEG system were in
the region of 34 MPa. They then went on to prove that the inclusion of olefin copolymer polyols
produced good phase separation and soft segment-hard segment interactions, resulting in
improved tensile strength. This was attributed to soft segment crosslinking through polyester
bonds, between the PE phase in the polyolefin and the PU as well as improved phase separation of
soft – hard segments.
Jana et al.’s study also measured tensile strength degradation due to hygrothermal and UV ageing
13

. They set a value of 50 % decrease in tensile strength as their acceptable value of degradation,

and conducted their study using a formulated PU and a version of that PU with a stabiliser (SPU).
Due to hygrothermal exposure they measured a decrease of 15 and 10 % in tensile strength of the
PU and SPU respectively and 47 and 17 % decrease due to UV exposure for PU and SPU respectively.
All measurements were taken after 2160 h of exposure. This data coupled with FTIR spectra and
DSC analysis allowed them to predict a life time of 6 years for their developed thermoplastic PU
with a stabiliser in an UV environment 13. It is worth noting from their study that hygrothermal
exposure had very little effect on the mechanical and physical properties of the PUs and the results
were similar to that of the SPU in UV exposure. This means that if a PU has a suitable stabiliser it
will perform similarly in both environments. This is further supported by the elongation at break of
the PU and SPU in the hygrothermal environment measured as 30 % and 19 % decrease respectively
and that of the SPU in the UV environment measured as 22 % decrease.
The tensile strength of PU spans a large range, but values are not easily comparable due to
differences in measuring techniques. From the literature, a value in the range of 5 to 30 MPa can
be expected; during ageing a reversible percentage reduction up to a maximum of mid-teens is also
expected. This is attributed to an oxidation, plasticiser effect or change in the crosslinking
microstructure, i.e. phase immiscibility. It is interesting to note that a few studies have used an
arbitrary value of 50 % reduction in tensile strength as their acceptable value of degradation.

52

2.5.2 Bond Testing
The value obtained for bond strength depends on the technique used to create the sample’s
bonded joint (Fig. 2.22), as well as the parameters and direction the load is applied (Fig. 2.23). A
common way to measure the strength of a bond between a polymer and metal is to conduct a
single lap-shear test.

Figure 2.22 Examples of different bonded joints 86.
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Figure 2.23 Examples of direction of load applied to cause disbondment

87.

Garcia-Pacios et al. conducted a study to compare the bond strength of polycarbonate, polyether
and polyester polyol based PUs bonded to stainless steel 26. Using a single lap joint type and a shear
load to test the bond. Their values, as shown in Fig. 2.24 are 0.9, 0.3 and 0.35 MPa respectively for
a polycarbonate, polyether and polyester polyol-based PU with a cohesive failure in the adhesive
on all joints.

Figure 2.24 Lap shear strength of three classes of PUs 26.

Types of failure can be categorised into three main groups: cohesive, this is the failure of the
adhesive, leaving a layer of the adhesive on both substrates Fig. 2.25(a); adhesive failure is the
failure of the bond between the adhesive and one substrate Fig. 2.25(b); the third mode is failure
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of the substrate, this happens away from the adhesive and often leads to the conclusion that the
bond is stronger than the adhesive Fig. 2.25(c). However, in practice along the length of the bonded
area it is possible to observe multiple failure modes.

Figure 2.25 The three main categories of bond failure 88.

A study carried out by Rudawska et al. also using a single lap adhesive joint found the strength of
the bond was heavily dependent on curing time and the surface preparation methods (roughness,
degreasing and use of adhesion promoters) 89. They too observed cohesive failure of the adhesive
layer. The limitation of this test method is, it can be argued the test measures the shear strength of
the PU as an adhesive and the force is being applied to both bonded interfaces.
Another technique quite commonly used specifically for sub-marine applications is the peel test
method 90. For this technique, a specimen is connected to an automated or manual mechanical
tester using a fixture that maintains the direction of pull to the plane of the bond line at 90 o (Fig.
2.26). The rate of movement is fixed at a slow rate, which is crucial as this allows the bond to peel
as opposed to the PU breaking. Maintaining a pull perpendicular to the bonded area ensures the
force (F) is applied evenly, resulting in a graph showing force vs. displacement.
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Figure 2.26 Diagram showing geometry required for 90° peel test 90.

Maclure et al. conducted a comparable bond test to that described above to ASTM D6862-04 91 for
a subsea application, measuring the force required to delaminate PU from aluminium 92. In their
study, they achieved values up to a maximum of 350 N required for disbondment, however, they
reviewed this technique as not purely representative of adhesive failure due to a phenomenon they
observed and referred to as ‘polyurethane edge cracking’ (Fig. 2.27). They believed that most of
the strain energy goes towards the edge cracking and a small amount of the total measured
contributed towards the peeling. They also report that the value for edge cracking is less than the
energy required to cause disbondment and the result is premature failure. It is also their belief that
the energy stored within the PU as it elongates significantly, needs to be accounted for in obtaining
the adhesive debonding energy. They go on to develop an exclusive technique they believe
measures the adhesive debonding energy only 92.

Figure 2.27 PU bonded to metal showing edge cracking 92.
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A study conducted by Kim et al. using an indentation de-bonding method evaluated the relationship
between the bond strength and the polyol’s OH number, when bonding a thin film of PU to an Al
substrate

93

. In this technique, de-bonding occurs when the stress generated by the plastic

deformation as a result of the indenter exceeds the bond strength. Newton interference rings or
other indications of de-bonding were evaluated under an optical microscope. They hypothesised
that an increase in OH number would increase the bond strength, with an optimum OH number for
the highest bond strength. They also went on to measure the effect ageing would have on the bond
strength. Values measured were < 3 MPa for non-aged samples and < 8 MPa for aged samples. They
concluded that polymer strength is a main contributor to bond strength. For non-aged samples the
bond strength initially increased with OH number and then plateaued. However, for aged samples
there is an optimum OH number to maximise bond strength after which bond strength decreased.
Desai et al.’s study showed with a fixed hydroxyl value an increase in NCO:OH ratio resulted in an
increase in lap shear strength to an optimum mix ratio, after which the lap shear strength started
to decrease 67. They found the mode of failure at low NCO:OH ratios, to be mostly cohesive and
attribute this to lower NCO content failing cohesively within the adhesive due to a less crosslinked
structure. At higher NCO content the excess NCO which hardens after curing is believed to cause
embrittlement within the adhesive layer resulting in a mixed failure mode of cohesive and adhesive.
The optimum NCO:OH ratio (1.3:1) found in their study, provides an excess of NCO groups allowing
the NCO groups to remain well distributed throughout the structure providing a good crosslinked
network resulting in a good cohesive and adhesive joint strength. They also showed an increase in
hydroxyl value corresponded to an increase in lap shear strength and a change in failure mode from
cohesive to substrate, this was proven using two different starting products as the base for the
polyol. They suggested at high hydroxyl values i.e. 500 mg of KOHg-1 the polyol can create a densely
crosslinked structure. They went on to show that as the increase in hydroxyl number corresponds
to an increase in the bond strength, this also resulted in a decrease in the gel time. This means that
an increase bond strength is directly proportional to a decrease in gel time. This is expected as, an
increase in crosslinking during curing reduces the time taken to reach a gel state. Furthermore, an
increase in hydroxyl number resulted in a decrease in the number of days taken for the bond
strength to reach its optimum value. They showed a polyol with a hydroxyl value of 100 mg of KOHg1

took 1 day to reach 29 % of its maximum strength, in comparison to one with a hydroxyl value of

300 mg of KOHg-1 which reached 39.6 % of its maximum strength in the same time frame. This
shows polyols with high hydroxyl values cure quickly, resulting in high initial bond strengths and
overall high final bond strengths. This study also went on to measure resistance of degradation of
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the bond strength in various environments and to compare the synthesised adhesive to
commercially available ones with promising results.
These studies present not only a review of different ways to test bond strength using PUs, they also
describe the limitations, detailing other properties contributing to the final load measured. They
also present an idea of expected values and mode of failure. Information from multiple studies
suggest an increase in OH number could increase bond strength and how other properties such as
gel time are influenced.

2.6 Physical properties
2.6.1

Hardness

Hardness of a solid material, is defined as a measure of its resistance (when a constant compressive
force is applied by a non-deformable indenter), to a permanent shape change 94. The hardness of
polymers, rubbers and elastomers are most often measured using a hand-held device called a
Durometer and the Shore scale; an alternative method is the Rockwell hardness test. Both
techniques provide relative values suitable for comparison between polymers measured on that
scale. As the results are empirical, comparison across scales is discouraged as there is little
correlation

94

. The Shore scale was developed by Albert Shore in 1915 and there are 5 Shore

Hardness scales A, D, 0, 00 and H. In this technique, hardness is determined by the force required
to insert the spring-loaded Durometer pin into the material (Fig. 2.28).

(a)

(b)

Figure 2.28 Schematic of a Shore A and D pin that is used to measure hardness; (a) Shore A and (b) Shore D

95.

Shih et al. reports in their study of microcellular polymeric foams, polymer crosslinking and
crystallinity has a significant effect on hardness and at a fixed degree of crosslinking the density of
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a foam also influences the final hardness 96. This study went on to detail that a softer, low foam
density material normally results in an undesirable higher compression set.
Broitman reports there is a close relation of hardness measurements with other mechanical
properties such as: fatigue resistance, strength and ductility 94. However in practice PUs appear to
show little correlation between hardness and other mechanical properties or fundamental
characteristics this may be because in this technique only elastic deformation is considered. Shore
A is used for flexible elastomers while the D scale is used for harder materials and should be used
for materials with a hardness greater than 95A 97. There are a few international standards which
describe how to measure hardness the BS ISO standard ISO 7619 98 and ISO 868 99. Fig. 2.29 shows
the hardness scales readily used to measure PUs are Shore A and D, how these scales interact with
each other and relate to everyday products. While it is not possible to easily correlate hardness to
other properties, it is still an important material property as it is a good indication that a polymer
has completely cured

94

. Hardness is known to change with temperature variations, material

deterioration or absorption of a medium.

Figure 2.29 Diagram showing correlation between Shore A, Shore D and Rockwell R hardness scales 100.

Hill et al. found a correlation between hardness and wear resistance, reporting polyether based
PUs with a hardness between 75 A and 95 A showed greater abrasion resistance surprisingly, in
comparison to PUs with a hardness greater than 95 A 101. They found that wear resistance increased
as the hardness increased up to 95 A, this is reportedly due to a change in the wear mechanism.
One would expect wear resistance to continue to increase as hardness increases but this was not
the case. A correlation between an increase in temperature and a reduction in hardness was also
observed.
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All other studies reviewed in this chapter used multiple techniques to characterise PUs but did not
measure or monitor hardness. As a result, there is very little literature available on Shore hardness
and how or if, this property is influenced by chemical composition or structure specifically for PUs.
Hardness may be viewed as only a surface property, with correlation to other mechanical surface
properties such as wear resistance. Hill et al.’s study does suggest where composition is kept
constant for a given mechanical property, in their case wear resistance, there may be an optimum
hardness.

2.6.2 Mass change
Changes in mass are noteworthy when evaluating the durability of polymers both short and long
term. A change of mass is measured using a precision scale, after a sample has been conditioned
and immersed in a chosen medium according to predetermined conditions (often time and
temperature). This technique also allows a simple visual inspection across a substantial surface area
and it is important that all surfaces of the sample are immersed (Fig. 2.30).

Figure 2.30 Three 50 mm2 squares of PU completely immersed in a medium.

Mass change measurements in sub-marine applications, are often equated to the absorption of the
medium the material was immersed in. De Oliveria et al.’s study characterising PU for use in
seawater as a bend stiffener, measured mass variation by immersing PU in salt water at 60 °C for a
duration of 360 days renewing the fluid every 6 months and samples were not reused 78. Their study
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showed a rapid mass increase to a maximum value of 1.1 % in 24 hours followed by a slow decrease
over 215 days to 0.8 % at which point, the value appeared to plateau for the following 145 days.
This change in mass was attributed to the intake of water and was confirmed by TGA. They
hypothesised based on TGA results, that as there was no low molecular weight organic molecules
as additives in the material to be removed, mass gain must be the result of water intake and mass
loss must be due to the loss of inorganic additives.
Polymers swell or contract in fluids: either of these behaviours in excess can be detrimental to the
function of a cable connector assembly (CCA) where a seal is required (Fig. 2.31). A study conducted
by Hong et al. showed a water uptake of approximately 2.5 % for a thermosetting PU when exposed
to artificial seawater for 1 year. Regardless of the immersion temperature (20, 40 and 60 °C), the
samples were measured at regular intervals and they all eventually reached a level of saturation at
approximately 2.5 % 102. Blache et al.’s study showed a mass increase of < 1 wt.% over 50 days for
their series of eight thermoplastic PUs, immersed in deionised water at room temperature 70. They
stated that the hard segment influenced water intake as MDI/hard segments tend to be more
hygroscopic.

Figure 2.31 Change in mass (and volume) of three PU samples after immersion in a medium (original size top-left).
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These studies and others that support them, Rutkowska et al. 103 , Ranjbarfar 104 and Hong et al. 105,
show that a maximum mass increase in the region 2.5 % can be expected, followed by a slight
decrease. It is also expected that a level of saturation will be reached early in the life of the
immersed PU.

2.6.3 Compression set
Compression set is a crucial material property in the oil and gas and sub-marine industries, as the
polymers used often create a seal and can be used at high temperatures, great depth and under
large pressure. Compression set is measured by applying a compressive force to a specimen of
known volume, at a set temperature for a predetermined duration (Fig. 2.32). ASTM D395-03 is an
international standard with various methods quite commonly used 106. Once the load is removed
and the sample is allowed a set relaxation time, the change in volume ‘set’ is measured as a
percentage.

Figure 2.32 Schematic of compression set test setup 106.

For use in CCAs it is ideal that the polymer will not permanently deform hence the lower the
compression set, the better suited the material. The international standards state the thickness of
the sample, temperature and corresponding duration. PUs especially in foam form are known to
undergo deformation when a compressive load is applied; this is worsened by humidity and
temperature. PUs are also known to recover, hence the growing use of PUs as a memory foam.
Sonnenschein et al. reports that compression set could be the result of deformation of the cocontinuous hard phase, slippage of the hard segments through the co-continuous soft phase,
decomposition of the urethane linkage, plasticisation in high humidity, disruption of hydrogen
bonding in soft and hard segments but is above all temperature related with a clear threshold
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behaviour 107. This study also found a correlation between compression set and isocyanate to polyol
ratio, catalyst used and annealing. Concluding that there is a threshold temperature at which the
forces between the hard and soft segments are sufficiently weakened to allow large scale flow
under deformation. As compression set is performed to set conditions it is important to understand
that the value is sensitive to variations in the test.

2.7 Electrical properties
The main function of the CCAs produced by Teledyne-Impulse-PDM is electrical. PU is used to
provide electrical insulation between solder buckets, cores, sockets and pins; this also provides
integrity to the assembly. Materials used to electrically insulate begin to age as soon as the
component is manufactured, ageing deteriorates performance. As the insulative material
deteriorates, more current flows and a lower electrical resistance is observed. The key electrical
properties to be measured to evaluate suitability are dielectric strength, volume and surface
resistivity.

2.7.1 Volume and surface resistivity
Volume resistivity is the ratio of the current flowing through the bulk of a material to the potential
gradient applied. This is measured by applying a potential gradient between two electrodes that
are separated by the material under test 108 (Fig. 2.33).

Figure 2.33 Volume resistivity schematic 109.

63

This is a similar measurement to insulation resistance often carried out on CCA but allows the
measurement of any cured material without that material being processed into a finished product.
For example, for polymers, in accordance with ASTM D257 110 a disk is made (80 mm Ø, 3 mm thick),
a positive and negative electrode is placed on opposite faces and a voltage is applied across the
material. The current that flows is used to calculate the resistance as shown in equation 2.3.

Equation 2.3 Electrical resistance

𝑅=

𝑉
𝐼

where
R = Resistance (Ω)
V = Voltage (V)
I = Current (A)
This value of resistance is then used to calculate resistivity equation 2.4

Equation 2.4 Electrical resistivity

𝜌=𝑅

𝐴
𝐿

where
ρ = Resistivity (Ωm)
R = Resistance (Ω)
A = cross- sectional area (m2)
L = Length (m)

Adroja et al.’s study showed that using an epoxy and epoxy-PU composite, a volume resistivity in
the order of Giga (109 ) to Tera (1012 ) Ω cm was suitable for EEE 111.
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Volume resistivity is like surface resistivity, the difference being volume is through the bulk of the
material while surface is across the surface of the insulating material Fig. 2.34 depicts this
difference. Surface resistivity is defined as the resistance to leakage current across the surface of
an insulating material, for this application high surface resistivity is ideal. This measurement is made
with both working electrodes on the same surface (Fig. 2.35).

Figure 2.34 Difference between current flow for volume and surface resistivity 112.

Figure 2.35 Surface resistivity schematic 109.
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PUs are good electrical insulators because they tend to have a surface resistivity in the range of 1011
to 1013 Ω. Li et al.’s study considered the effect of the molecular weight of a PEG polyol used in a
PU on surface resistivity as well as the effects of temperature and humidity 113. They found that the
lower the molecular mass the higher the surface resistivity. Expectantly, the addition of various salt
species (KClO4, NaClO4, LiClO4) lowered the surface resistivity, with a further reduction as the ratio
of salt added increased while the molecular weight of the polyol was kept constant. Their research
also showed that surface resistivity was strongly affected (a change in the order of 4 magnitudes)
with a change in temperature from 21 °C to 78 °C. An increase in temperature resulted in a decline
in surface resistivity. They also found that surface resistivity is only slightly dependent on changes
in humidity (a change in the order of 1 magnitude), where humidity was varied from 10 to 50 %. As
the humidity increases there was a slight reduction in surface resistivity 113.

2.7.2 Dielectric strength
Dielectric strength, a measure of an insulating material’s ability to withstand electrical breakdown
under ideal conditions, often referred to as the electrical strength of the material as an insulator
and is measured in volts per unit thickness 109. For this property the maximum voltage required to
produce a dielectric breakdown is measured. A schematic for the setup is shown in Fig. 2.36.

Figure 2.36 Schematic for measuring Dielectric strength 109.

A study carried out by Bhuva et al., using fibre reinforced, PEG based PU and epoxy composites,
measured volume resistivity and dielectric strength 114. They believed these properties would be
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useful to designers in materials selection when predicting the relative insulation for low load
bearing housing units, in electrical and electronics used in the marine field. Samples were created
using a hand layup technique and values of dielectric strength were measured in the region of 1.3
to 3.2 MV m-1; these values are described as moderate and suitable for the electrical and electronic
fields. Duari conducted a study to determine the dielectric strength of a series of coal and tar based
composites and polymers used to coat pipelines, as they were exposed to accelerating weathering
conditions 115. It is important that materials selected for coating pipelines have and maintain a high
dielectric strength. This is because corrosion control systems in pipelines consists of a coating and
cathodic protection, any coating deterioration will lead to the need for additional cathodic
protection.

Table 2.4 Dielectric strength for a series of materials used as protective coatings before and after accelerated testing
(values in brackets are given in MV m-1) 115.

Sample

Type

of

number

Material

Coating

Original sample

After 500 h

Salt 500 h Salt

Accelerated

spray

weathering in UV
1

Coal

tar

enamel 10 (4.65)

8 (3.72)

9 (4.19)

7 (3.26)

8 (3.72)

23 (22.77)

20 (19.80)

16 (7.62)

12.5 (5.95)

10 (6.67)

12 (8)

10 (6.67)

11 (7.33)

23 (5.11)

24 (5.33)

(thickness 2.15 mm)
2

Hot-applied coal tar 9 (4.19)
tape (thickness 2.15
mm)

3

Cold

applied 25 (24.75)

polyolefin

tape

(thickness 1.01 mm)
4

PUR

coating 17.5 (8.33)

(thickness 2.10 mm)
5

Coal

tar

epoxy 14 (9.33)

(thickness 1.5 mm)
6

High-build

epoxy 12.5 (8.33)

(thickness 1.5 mm)
7

3LPE

coating 25 (5.56)

(thickness 4.50 mm)

67

Hence, high dielectric strength and insulation resistance with acceptable heat resistance,
mechanical and chemical properties are required. It is interesting that amongst coal, tar, epoxies
and polyolefins a PU was chosen for this study. Seven coatings in total were aged using weathering
in UV and salt spray for 500 hours each. Duari found that upon ageing, dielectric strength decreased
slightly, with the PU and polyolefin coatings performing best in the UV exposure trial,
measurements were as per ASTM D149 (Table 2.4). Duari went on to conclude dielectric failure
involves multiple factors such as chemical and thermal deterioration, electronic breakdown and
surface discharge, meaning factors other than the electrical field applied will result in a dielectric
breakdown 115.
Understanding leaking current through the bulk of a material is as important as understanding
leaking current along the surface. For insulators in EEE, high volume and surface resistivity are
required and good resistance to electrical breakdown. Literature suggests a value in the Tera range,
1012 Ω cm and 1012 Ω is expected and acceptable for volume and surface respectively, with an
acceptable value of 4 – 8 MVm-1 for dielectric strength. These studies show an overall decrease
when exposed to various ageing environments, temperature, humidity, UV and salt spray. Whilst
there is not much data available on PUs, from literature reviewed here, surface resistivity was
strongly negatively affected by temperature and slightly affected by humidity with both UV and salt
spray exposure slightly decreasing dielectric strength, salt spray more so than UV.

2.8 Ageing techniques
Understanding the durability of a polymer or polymer-metal assembly in a harsh environment
involves three equally important steps. Firstly, the natural ageing mechanism must be completely
understood. Secondly, a test programme must be developed that accelerates the natural failure
mechanism. Finally, a rule must be applied that correlates the effect temperature and time has on
the mechanical properties of linear viscoelastic materials

116

. It is also important to ensure this

theory can be transferred across varying thicknesses of the polymer being investigated.
To assess a given materials durability, an accelerated weathering regime is applied, this deduces
the damaging effects of long-term outdoor exposure hence, mimicking the natural ageing
mechanism the polymer will experience in use. This is not easily correlated or extrapolated, as the
rate of degradation is not a simple linear function and often there is more than one stressor acting
on the material, for example, ultraviolet (UV) radiation, temperature, humidity, moisture, pressure
and loading conditions 34, 117. These stressors interact not only with the material but with each other
to create a complex relationship that defines the acceleration factor. Hence, to evaluate a given
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material there is no substitute for determining the acceleration factor other than experimentation.
Most researchers believe that an acceleration factor is material specific varying with formulation
13

.

Generally, the service life of a polymer is limited in outdoor applications due to deterioration of the
physical and mechanical properties as a result of weathering. One stressor, UV radiation exposure
is known to naturally occur during use and will most probably be the cause of any discolouration.
However, additives are often used to reduce the effects of UV radiation in commercial PUs.
Discolouration is understood to be the result of oxidation resulting in an oxidised layer on the
polymer surface. A large isocyanate to polyol ratio, which is often the case for harder PUs, would
further encourage discoloration as isocyanates are more susceptible. A darkening or yellowing of
the polymer is expected and is in keeping with other studies

13, 34

. Jana et al. conducted a study

focused on the effect of UV as other hygrothermal stressors were determined to have a lesser effect
on physio-mechanical properties

13

. They determined an acceleration factor using FTIR: a

comparison was made between the times required for the same change in peak intensity for the CN bonds (1610 cm-1) after natural ageing and accelerated ageing.
Nicholas et al. reports increases in the surface energy resulting from photo-oxidation, encourages
water adhesion to the polymer; the result of this is an increase in the potential for degradation
during the ageing process 34.
Studies show there is a direct link between extended environmental exposure and the measured
mechanical and physio-chemical properties

13

. UV irradiation and hot moisture (a combination

stressor) are believed to be responsible for significant chemical and structural changes that
eventually convert polymers into degraded materials. As a material absorbs moisture during ageing,
this moisture can act as a plasticiser which alters the phases and the way the polymer chains
interact on a microstructural level 78. Nicholas et al.’s study showed that ageing PU caused a phase
separation allowing the soft segment to move more freely. They believe degradation is shown
through the breaking of the urethane linkage which then allows the hard segments to undergo
enthalpy relaxation. Hence, not only is the acceleration factor unique to the polymer composition,
it is unique to the environment in which the polymer is exposed 34.
It is necessary, but difficult, to set the lowest level of acceptable degradation. Generally, for tensile
strength, this has been set to a reduction of 50 % of its initial value 118. However, an arbitrary value
such as this does not allow for the starting value or the requirements of the components hence,
some good judgment is needed.
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Typically, for every 10-20 oC rise in temperature, a chemical process rate increases by a factor of 2.
Hence, chemical reactions and some other physical processes are accelerated by increasing the
temperature

119

.

The Arrhenius’ Law can be used to express this (Eq. 2.5):

Equation 2.5 Arrhenius equation

𝐸𝑎

𝑅 = 𝐴 𝑒 [−𝑘𝑇]

where
R = process rate
A = constant to be determined by test
e = the base of the Natural Logarithm
Ea = activation energy (eV) which varies by failure mechanism
k= Boltzmann’s constant (8.62x10-5 eV K-1)
T = Absolute temperature (K),

The Arrhenius relationship has been widely used in applications such as: electrical insulations and
dielectrics, solid state and semi-conductor devices, lubricants and greases and plastics 118, 120.
Polymer degradation is a complex phenomenon dependent on the chemical composition and the
stressor applied. When considering PUs an increase in temperature, UV exposure, humidity and
moisture are well reviewed in literature as stressors or degradation accelerating factors that are
considered to mimic the natural degradation mechanisms experienced in use. Ways to measure
degradation, i.e. FTIR, discolouration and setting a max reduction percentage are transferrable.
However, to truly understand the durability of a given formulation experimentation is a necessity.
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3 Chapter 3: Materials and methodology

3.1 Introduction
This chapter details raw materials, preparation techniques, equipment used, parameters set and
analysis software. It will also provide information on why each technique was chosen, linking this
section to initial aims and objectives detailed in Chapter 1.

3.2 Materials
Raw materials used include eleven commercial PUs and two adhesion promoters (used to bond the
PU to itself, PU cable sheath and 316L SS). The eleven commercially available PUs include three
legacy and four alternatives. For the alternatives, Teledyne-Impulse-PDM approached their current
suppliers, smaller compounders and industry leaders for recommendations on compliant PUs, in
excess of 20 PUs were trialled at initial stages. These were reduced to the four discussed throughout
this thesis based on availability, surface finish, elasticity and initial water absorbency.
For validation, well characterised analytical grade polyols and isocyanates were also used; these
include four polypropylene glycol (PPG) polyols and pure methylene diphenyl diisocyanate (MDI).

3.2.1 PUs and their components
Table 3.1 Names of PUs and their starting materials for the legacy PUs (L1-L3) and replacement PUs (PU1-PU4).

PU name

Parts
per
pack

Isocyanate
component name

Polyol
component
name

Extender
component name

Catalyst
component name

L1
L2
L3
PU1
PU2
PU3-70A
PU3-95Aa
PU3-75Da
PU4-70Ab
PU4-95Ab
PU4-75Db

2
2
2
2
2
4

L1-ISO
L2-ISO
L3-ISO
PU1-ISO
L1-ISO
PU3-ISO

L1-Polyol
L2-Polyol
L3-Polyol
PU1-Polyol
PU2-Polyol
PU3-Polyol

N/A
N/A
N/A
N/A
N/A
PU3-Ext

N/A
N/A
N/A
N/A
N/A
PU3-cat

4

PU4-ISO

PU4-Polyol

PU4-Ext

PU4-cat
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a

Same components as PU3-70A; bSame components as PU4-70A. Different mix ratios achieve

different Shore Hardness values (shown after PU number).
Commercial PU component packs, either 2-pack or 4-pack systems, were obtained from various
suppliers. The names of the PUs and starting materials for the legacy PUs (L1-L3) and trialled
replacement PUs (PU1-PU4) are summarised in Table 3.1 and described with more detail below.

3.2.1.1 Legacy PU1, L1
This polyol is described as a polyether with butylene glycol (1,4-butanediol) and a neodecanoato-O
phenylmercury. The isocyanate a mixture of methylene diphenyl diisocyanate dipropylene glycol,
tripropylene glycol, copolymer and oligomers.

3.2.1.2 Legacy PU2, L2
This polyol is described as a polypropylene glycol, with an alkoxylated amine and a diphenyl
dimercury. The isocyanate as a mixture of triethyl phosphate and diphenylmethane di-isocyanate.

3.2.1.3 Legacy PU3, L3
This polyol is described as a polypropylene glycol with a phenyl mercuric neodecanoate. The
isocyanate as containing triethyl phosphate and a mixture of diphenylmethane di-isocyanates and
oligomers.

3.2.1.4 PU 1
PU1’s polyol is described as a polyether polyol with 1,4- butanediol. The isocyanate as a prepolymer
containing a polytetramethylene glycol, methylene diphenyl diisocyanate copolymer and
homopolymer with a diphenylmethane diisocyanate.

3.2.1.5 PU 2
This polyol is described as a polyether polyol with 1,4-butanediol. The isocyanate a mixture of
methylene diphenyl diisocyanate dipropylene glycol, tripropylene glycol, copolymer and oligomers.
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3.2.1.6 PU 3
This is a four-part system with the polyol described as a polyol mixture. The chain extender as 1,4butanediol. The isocyanate as a prepolymer containing MDI modified with glycols. With the final
part, a catalyst described as a ‘mixture’.

3.2.1.7 PU 4
This is also a four-part system with a polyalkylene glycol as the polyol and a short chain diol of 1,4butanediol. The isocyanate is described as a prepolymer containing a mixture of methylene
diphenyl diisocyanate dipropylene glycol, tripropylene glycol, copolymer and oligomers, diphenyl
diisocyanate and an o-phenyl isocyanate.
Further information on technical data sheets for PU3 and PU4 describes these systems as
containing a PTMEG polyol.

3.2.1.8 Analytical grade polyols
Propylene glycol (PG, ≥ 99.5 %), dipropylene glycol (DPG, 99 % mixture of isomers), poly(propylene
glycol) (PPG av. Mn 425, 1000, 2000, 2700 and 4000 g mol-1) were obtained from Sigma Aldrich
(Poole, Dorset, UK) and were used as received.

3.2.1.9 Analytical grade isocyanates
4,4’-Methylene diphenyl diisocyanate (MDI, 98 %) and 4-fluorophenyl isocyanate (FPI, 99 %) was
also obtained from Sigma Aldrich (Poole, Dorset, UK).

3.2.1.10 Other laboratory/ analytical grade components
,,-Trifluorotoluene (TFT,  99 %), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,  99 %), 1,4diazabicyclo[2.2.2]octane (DABCO,  99 %), dibutyltin dilaurate (DBTDL, 95 %), molecular sieves (4
Å, beads 8-12 mesh), obtained from Sigma Aldrich. Chloroform-d (CDCl3) and acetone-d6 ((CD3)2CO;
99.9 at. % D) were purchased from Goss Scientific (Crewe, Cheshire, UK).

73

3.2.2 Adhesion promoters
Used to promote adhesion between the PU systems listed above to the various substrates listed
below in section 3.2.3.

3.2.2.1 PR91
A two-part PU adhesive, a mixture of polyester and polyether-based polyols with an MDI isocyanate

3.2.2.2 PR70
An adhesive mixture of MDIs with an aromatic polyisocyanate prepolymer in butanone.

3.2.3 Substrates
These are substrates regularly used in cable connector assemblies (CCAs) as part of the connector
body or back-shell. Some connectors are moulded in polymers (PU or CR). All connectors are
terminated to a cable.

3.2.3.1 Metal
316L SS machined to 3 mm thick, 25 mm wide and 60 mm long in accordance to DN-7586-004 issue
A 121, were manufactured by Gould and Williams Engineers, Hampshire, UK.

3.2.3.2 Cable sheaths
PU cable sheaths manufactured by Teledyne-Cable solutions, Dallas, TX, USA. Were manufactured
using a pressure extruded PU, part name Telethane 3039.

3.3 Light and AFM Imaging
Imaging PU is a clear way to gain information on the topography and possibly understand the
interactions of hard and soft regions and decipher phase separation. The pigment used containing
carbon black, was also imaged to compare particle size with that of the hard/ soft regions measured
using other techniques to ensure the different regions were not just an artefact of the carbon black.
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3.3.1 Imaging carbon black
The pigment component was placed in a 24-well plate and diluted with distilled water (to approx.
20 %w/w) and viewed in brightfield using a Zeiss AxioVert 200M inverted microscope (10x and 40x
objectives; Carl Zeiss Ltd, Cambridge, UK). Images were processed using Volocity V6.3 (Quorum
Technologies, Puslinch, Ontario, Canada).

3.3.2 AFM imaging
Moulded surfaces of each PU (1 cm2) were cleaned using propan-2-ol, allowed to dry for 5 minutes
and then attached to a nickel disk mounting assembly using double-sided adhesive tape and placed
on top of the AFM scanner. Extra care was taken to ensure a moulded surface and not a cut surface
was examined. AFM studies were carried out using a Multi-Mode/NanoScope IV scanning probe
microscope, Bruker, Santa Barbara, CA, USA and were performed in air under ambient conditions
(T = 23 °C, RH = 21 %) using the J-scanner (max. xy = 200 µm). Scanning was performed in tapping
mode using Si cantilevers with integrated tips (t = 3.6–5.6 µm, l = 140–180 µm, w = 48–52 µm, 0 =
288–338 kHz, k = 12–103 N m-1, R < 7 nm; model: OTESPA, Bruker, France), and a RMS amplitude of
0.8 V. The images were subsequently processed, and dimensions measured using NanoScope
software (V7.10, Bruker).
AFM was used in this study to image PU created using a closed cast moulding technique, with a
thickness of at least 1 cm. If successful, this would allow industry produced PUs to be imaged and
phase separation to be understood on a larger scale. This technique was chosen predominately to
image phase separation between different types of PUs as well as PUs of the same composition at
a different ratio. There is also an expectation that these phase images may be correlated to
mechanical and thermal properties.

3.4 Chemical analysis
The techniques listed in this section, (FTIR, 13C NMR, 19F NMR and ICP-OES) were used to:
1. Analyse and understand the chemical structures for comparison and end use suitability
2. Quantifying the NCO content and hydroxyl number to allow calculations of NCO:OH ratio
and an understanding of the effects excess may have
3. To ensure legislation compliance, a better understanding of catalysts used and the catalytic
reaction
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Using multiple techniques which complement each other, produces reliable and supportive
data, for example, peeks of excess NCO in the cured PU FTIR spectra could be used to confirm
excess from NMR spectra calculations.

3.4.1 Carbon black, removal of carbon black from polyols
To remove carbon black from polyol samples, added to provide UV-resistance to PUs that might
hinder analysis, polyol samples (L1-Polyol, L2-Polyol, L3-Polyol, PU1-Polyol and PU2-Polyol; ca. 10
g each) were centrifuged using a Heraeus Multifuge 3 SR (Loughborough, UK) for 20 h (no
observable change from 8 h prior) at 8500 rev min-1 (10 000 g) at 30 °C. Complete separation was
achieved for all samples, with the exception of L1-Polyol and L3-Polyol; in these latter cases,
subsequent analysis was continued with caution. Efforts to separate carbon black from polyols
using laboratory filtration equipment (Büchner funnel and filter paper) did not prove possible.
Polyols PU3-Polyol and PU4-Polyol were white solids which melted upon warming above ca. 40 °C.

3.4.2 FTIR
Cured PUs, liquid polyols, chain extenders, catalysts and isocyanates was analysed using an Agilent
600 series FTIR spectrometer and Agilent Resolution Pro Software. Solid, liquid and powdered
samples underwent 32 transmittance scans each. Using a single bounce ATR and scan range of
4000-600 cm-1.

3.4.3 NMR
Attenuated 13C and 19F NMR spectroscopy were performed using a 400 MHz Nuclear Magnetic
Resonance Spectrometer (JEOL, Oxford Instruments, Abingdon, Ox., UK), and analysed with JEOL
Delta (v5.0.1) software. For 19F NMR spectra (376.17 MHz), peaks were integrated such that the TFT
internal standard had an integral of 1.0.
Procedures for 19F NMR end-group analysis of isocyanates and polyols were very similar to those
reported elsewhere 68-69, with some modification and so are briefly outlined below.

3.4.3.1 Isocyanate end-group analysis sample preparation and calculations
A stock solution (11.00 cm3) of HFIP (10000 μL) and TFT (1000 μL) was prepared and stored over 4
Å molecular sieves. An aliquot of this solution (100 µL) was added to MDI (solid flakes, crushed) or

76

an isocyanate (L1-ISO-L3-ISO, PU1-ISO-PU4-ISO, liquid) (ca. 50 mg) followed by (CD3)2CO (300 µL).
A stock solution of DABCO (ca. 50 mg) dissolved in (CD3)2CO (2000 μL) was prepared and an aliquot
of this solution (20 µL) was added to the dissolved isocyanate solution (containing HFIP and TFT);
(CD3)2CO (ca. 400 μL) was added and the liquids thoroughly mixed by pipetting. In the case of MDI,
a white precipitate was formed and so a further quantity of (CD3)2CO (2000 μL) was added. The
solution (a portion in the case of the MDI product) was transferred to a glass NMR tube and
(CD3)2CO was added up to the required 4 cm mark on the NMR tube. The stoppered tubes were
then further mixed by inverting a few times and then left to stand. NMR spectra were obtained
within a few days of sample preparation. Measurements were performed in duplicate and the NCO
content (CNCO; mmol NCO mg-1) was calculated as follows:
Since the density (ρTFT) and molecular mass (Mr,TFT) of TFT are known (1.190 g cm-3 and 146.11 g
mol-1, respectively), the mass (MTFT stock) of TFT in the stock mixture (before the reaction) can be
calculated (equation 3.1):

Equation 3.1 Calculating the mass of TFT in the stock solution

𝑀𝑇𝐹𝑇 𝑠𝑡𝑜𝑐𝑘 =

1
.𝑉
.𝜌
= 2.1636 g
11 𝑠𝑡𝑜𝑐𝑘 𝑇𝐹𝑇

where Vstock = combined volume of 10:1 v/v HFIP:TFT stock (20 cm3)
The mass (MTFT) and number of moles (mTFT) of TFT in the aliquot of this stock can be then be
calculated:

Equation 3.2 Calculating the mass of TFT in the aliquot solution for isocyanate end group analysis

𝑀𝑇𝐹𝑇 =

𝑉𝑎𝑙𝑖𝑞𝑢𝑜𝑡
. 𝑀𝑇𝐹𝑇 𝑠𝑡𝑜𝑐𝑘 = 0.010818 g
𝑉𝑠𝑡𝑜𝑐𝑘

where Valiquot = aliquot volume (0.1 cm3) from the stock (Vstock, 20 cm3)
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Equation 3.3 Calculating the number of moles of TFT in the aliquot solution for isocyanate end group analysis
𝑀

𝑚 𝑇𝐹𝑇 = 𝑀 𝑇𝐹𝑇 = 7.404 × 10−5 mol = 7.404 × 10−2 mmol
𝑟,𝑇𝐹𝑇

Since an integration of 1 in the internal standard (TFT) corresponds to 7.404  10-2 mmol PhCF3 and
there is one CF3 group per TFT molecule, an integration of 1 also corresponds to 7.404  10-2 mmol
of CF3 groups. Since 1 NCO group reacts with 1 HFIP molecule (Fig. 2.13), which contains 2 CF3
groups, the number of moles of NCO (mNCO) can be calculated:

Equation 3.4 Calculating the number of moles of NCO

𝑚𝑁𝐶𝑂 =

𝑚𝐶𝐹3
= 3.702 × 10−2 mmol
2

Therefore, the NCO content (CNCO in mmol NCO mg-1) can be calculated from the fluorinated product
integration value (IFP) and Ms, the mass of the isocyanate sample:

Equation 3.5 Calculating the NCO content

𝐶𝑁𝐶𝑂 =

𝐼𝐹𝑃 . 𝑚𝑁𝐶𝑂
𝑀𝑠

The CNCO value could be calculated based on the lowering of the HFIP 1F signal upon reacting with
the isocyanate leaving excess HFIP. This however was judged to be less accurate.

3.4.3.2 Polyol end-group analysis sample preparation and calculations
DBTDL (7.8 mg), used in place of DABCO, was dissolved in (CD3)2CO (ca. 10 cm3) and stored over 4
Å molecular sieves. A PPG sample or polyol (ca. 30 mg) was accurately weighed into a glass vial and
an aliquot (400 L) of the DBTDL in (CD3)2CO solution added. After pipette mixing, TFT (10 L) and
FPI (100 L) were added, followed by a further aliquot of (CD3)2CO (250 L). After further pipette
mixing, the contents of the glass vial were transferred to an NMR tube and made up to the required
4 cm mark using (CD3)2CO, if required. In the case of the extenders (PU3-Ext and PU4-Ext, identified
as 1,4-butanediol), a large amount of white precipitate was formed prior to adding the (CD3)2CO;
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therefore, a further volume of (CD3)2CO (1350 L) was added, after which ¾ of the solid dissolved
and the supernatant was added to the NMR tube (up to the 4 cm mark).
Similar to the samples for CNCO determination, the stoppered tubes were then further mixed by
inverting a few times and then left to stand; NMR spectra were obtained within a few days of
sample preparation. Measurements were performed in duplicate and the OH content (COH; mmol
OH mg-1) was calculated as follows:
The mass (MTFT) of TFT in each NMR tube (before the reaction) will be:

Equation 3.6 Calculating the mass of TFT for polyol end group analysis

𝑀𝑇𝐹𝑇 = 𝑉𝑇𝐹𝑇 . 𝜌𝑇𝐹𝑇 = 0.0119 g

where VTFT = volume of TFT (10 L = 0.01 cm3)
which is equivalent to

Equation 3.7 Calculating the number of moles in TFT for polyol end group analysis

𝑚 𝑇𝐹𝑇 =

𝑀𝑇𝐹𝑇
= 8.145 × 10−5 mol = 8.145 × 10−2 mmol
𝑀𝑟,𝑇𝐹𝑇

Since the integration of 1F  8.145 x 10-5 mol PhCF3 = 1 CF3 group = 3 F atoms,

Equation 3.8

𝑚𝐹 𝑎𝑡𝑜𝑚𝑠 = 3 × 𝑚 𝑇𝐹𝑇 = 3 × 8.145 × 10−5 = 2.4435 × 10−4 mol F atoms
= 0.24435 mmol F atoms

Since there is 1 F atom in the fluorinate isocyanate product per reacted OH group (Fig. 2.12), the
OH content (COH in mmol OH mg-1) can be calculated from the fluorinated product 1F integration
value:
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Equation 3.9 Calculating the OH content

𝐶𝑂𝐻 =

3𝐼𝐹𝑃 . 𝑚𝐹 𝑎𝑡𝑜𝑚𝑠
𝑀𝑠

where IFP = integration of the fluorinated product peak (ITFT = integration of the TFT peak = 1) and
Ms = mass of the polyol sample (mg; which may or may not be 100 % polyol). Note: there has been
no assumption that the polyol is a diol (2 OH groups per PPG/polyol molecule).
The COH value could be calculated based on the lowering of the FPI 1F signal upon reacting with the
polyol leaving excess FPI. This however was judged to be less accurate.

3.4.4 ICP-OES
For ICP-OES analysis, a Spectroblue model FMX 26, type 76004562, with an ASX-520 autosampler
was used. Three measurements were taken of each sample in axial and radial plasma view mode.
A plasma power of 1450 W with a normal pump speed of 30 rpm and a fast pump speed of 63 rpm
was applied. The coolant, auxiliary and nebulizer flow was 13.00, 1.00 and 0.75 L min-1 respectively.
The overall measurement time was 76 seconds and the inner diameter of the injection quartz glass
tube was 1.8 mm. A 500 mL custom ICP standard (QMx Laboratories Ltd) was produced using 100
mg L-1 each of Al, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sn, V and Zn in HNO3 5 %. Trace Metal ™ Nitric
acid 67- 69 %, for trace metal analysis was supplied by Fisher chemical. Individual standards of Pd,
Pt, Zr, Bi, Hf and Hg, 1000 mg L-1 were supplied by LGC standards, UK.
In preparation for ICP-OES, microwave assisted acid digestion was carried out. 0.1 g of the sample
was weighed into a previously acid cleaned Teflon tube using a precision balance. Samples, solid at
room temperature were placed in a drying cabinet at 30 °C before weighing. Concentrated HNO3
(10 mL) was added to each tube as well as two blanks. All tubes were then placed in a MARS Xpress
microwave assisted digester. Parameters used were a ramp up time of 15 minutes and a hold time
of 15 minutes at 200 °C. A pressure of 55 Bar and power in the range of 900 - 1050 W was applied.
After digestion samples were further diluted to 25 mL with MiliQ water before analysis. Additional
dilution was carried out for samples with concentrations over the standard calibration used.
This quantitative technique was used for analysing polyols and catalysts (liquid) samples thought
to contain low (ppb) levels of heavy metal ions. ICP-OES was used to determine if metal ions were
present and whether their presence was within legislative concentrations. The REACH regulation7
is of greater concern when considering compliance of PUs, as the amendment which came into
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effect 10th October 2017 dictates the maximum allowance of 5 mercuric compounds is 0.01 %, while
RoHS

9

dictates a maximum of 0.1 % Hg. The 0.01 % in the REACH regulation translates to a

maximum of 1000 µg g-1; this can be easily detected using ICP-OES. To allow the analysis to be
effective, other restricted elements were quantified: these included Cr and Pb. The screen also
included other elements commonly used in catalysts; these were Bi, Sn, Fe and Zn.

3.5 Thermal analysis
In use, materials can experience extreme temperatures. Thermal analysis will help to provide data
on max temperatures before decomposition and where relevant provide Tg and Tm. It is important
to quantify whether these transitions occur within the normal operational temperatures a CCA
could experience. The quantity of these transitions per material could help to support information
on phases and separation thereof from other techniques.

3.5.1 TGA
Thermogravimetric analysis was carried out using cured PU samples with an initial mass of ca. 20
mg in an Al2O3 crucible using a Netzsch TG 209F1 Libra. Samples were heated from 25 to 800 °C in
N2 , followed by 800 to 1000 °C in a mix of N2 and O2 (1:1). The rate of heating was 10 °K min-1. This
allows for the measurement of any decomposition transitions and residual moisture content.
Measuring up to 1000 °C should allow for complete decomposition of any additives. The data was
analysed using Netzsch Proteus software version 6.1.

3.5.2 DSC
Differential scanning calorimetric thermograms were obtained using a Netzsch DSC 214 Polyma in
the temperature range -60 to 210 °C. With a heating rate of 10 °K min-1 and cooling rate of 20 °K
min-1, 2 cycles were completed. The data were analysed using Netzsch Proteus software version
7.0. DSC provides information on Tg(s), Tm(s) and where applicable crystallinity.

3.6 Mechanical testing
BS ISO standards describing the manufacturing requirements, specimen size and test rate, were
used in this study. The use of recognised standards allows for results to be easily compared to other
researchers and for techniques to be easily repeated. A Mecmesin multi tester was used with a
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series of grips and attachments to maintain the described forces and rate of measurement
described in the ISO standards. For the peel strength test, BS ISO 813 90 was used and BS ISO 37 122
for ultimate tensile strength and percentage elongation at break.
These techniques were used to measure and compare the tensile and bond strengths across PUs,
as these are two fundamental properties for the functionality of CCA. These properties translate
directly to suitability for the application.

3.6.1 Tensile testing
A 2 mm thick sheet of PU was close cast moulded and a die was used to cut the dumbbells. The size
of the dumbbells was kept constant as BS ISO 37, type1 with an overall length of 115 mm, width of
ends 25 mm and a final thickness of 2 mm. These dimensions dictate the rate of transverse as 500
mm min-1 122.
A Mecmesin Multitest 1-i stand was used with two pneumatic grips and an ILC-S 1 kN load cell. Data
were captured and analysed using the Emperor Force V1.18-408 software. All testing was carried
out at 20 - 22 °C.

3.6.2 Bond testing
This section details the method, materials and equipment used to manufacture and examine
replicas of the three different types of bonds encountered in a CCA.

3.6.2.1 Bonding PU to metal substrates
For testing the bond strength of PU bonded to metal substrates, 316L SS was used in accordance
to BS ISO 813. A 25 mm2 area was bonded (section 3; Fig. 3.1), using company proprietary
preparation procedures and adhesion promoter PR 91 90. The 316L SS samples were grit blasted
with SiC grit of FEPA mesh size 36/40. Using a Vixen VM36 cabinet, serial number VM36 7084 17
with a C/W mini pressure pot A0004/16 supplied by Vixen Surface Treatments Ltd, (Stockton-onTees, UK) in accordance to PDM/STD/3009 123.
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Figure 3.1 Diagram of a bond test sample: (1) moulded elastomer, (2) unbonded area, (3) bonded area, (4) Rigid substrate
(316L SS), (5) overall thickness dependent on the thickness of the substrate 90.

The PU was closed cast moulded (detailed in 1.4.4.2) to form the final sample dimensions, creating
a 6 mm thick flap of PU overhanging the metal substrate by 65 mm shown in section 1 of Fig. 3.1.
These were moulded in accordance with PDM/STD/8620 124 (Polyurethane Mouldings Using Metal
Moulds) and PDM/STD/2007

125

(Curing of Polyurethanes on the Heated Rail) in mould tool

M1456M (GA-7586-000), Fig. 3.2.

Figure 3.2 Mould tool M1456M.

Once fully cured these specimens were connected to an automated mechanical tester (Mecmesin
MultiTest 1-i) using one pneumatic grip and a fixture that maintained the direction of pull to the
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plane of the bond at 90 o (a sliding bottom plate); an ILC-S 1 kN load cell was also used (Fig. 3.3).
The rate of transverse, 50 mm min-1 is crucial as this allows the bond to gradually peel as opposed
to the PU breaking. Maintaining a pull perpendicular to the bonded area ensures the force is applied
evenly, resulting in a graph showing true force vs. displacement. Data were captured using the
Emperor Force V1.18-408 software and peel strength calculated using equation 3.10.

Equation 3.10 Calculating peel strength
𝑀𝑎𝑥 𝑙𝑜𝑎𝑑 [N]

𝑃𝑒𝑒𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ[N mm-1] = 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 [mm]

Figure 3.3 Mecmesin Multitest stand with a pneumatic grip upper fixture and sliding plate on lower fixture.

84

3.6.2.2 Bonding PU to itself
Testing a bond between two layers of PU is similar to testing the bond between PU and a metal
substrate, however, instead of using a 3 mm thick metal substrate a 6 mm thick substrate is cast
out of the material to be tested, changing the dimension of section 5 in Fig. 3.1. Once cured it was
prepared and primed with an adhesion promoter (PR 70), and overmoulded with the same PU in a
similar closed cast fashion.

3.6.2.3 Bonding PU to various cable sheaths
PU was moulded onto a cable using a line splice mould M0125M (DN-2477-000) and company
moulding work procedures, PDM/STD/8620 124 and 2007 125. The final product was an encapsulating
cylindrical type moulding with an outside diameter of 25 mm and overall length of 180 mm; this is
central to the overall length of the cable (Fig. 3.4).

Figure 3.4 25mm Ø line splice PU overmoulding.

Most techniques for testing bonds are destructive, particularly when testing bonds to cable. For
this a cross sectional cut was made between the moulded PU (black) and the cable sheath (blue;
Fig. 3.5). The bond was inspected visually and then mechanically using grips to PDM/STD/4002 126
and 2014

127

respectively. A company proprietary scoring chart was applied (Table 3.2), where

scores 8 through to 10 are acceptable.

Figure 3.5 Cross-sectioned line splice to evaluate the bond.

85

Table 3.2 Bond Test Scoring (BTS) Chart for PU bonds to cable sheaths.

Score (out of 10)

Observations

1

No sign of sticking, easily removed, total failure.

2

Failure at bond line, some signs of sticking, bond is easily broken & peeled
using fingers.

3

Failure at bond line, stuck but can be broken & peeled using fingers.

4

Failure at bond line, bond is difficult to break with fingers, but can be peeled
using fingers.

5

Failure at bond line, tool is needed to break the bond; can be peeled with
fingers.

6

Failure at bond line, tools are needed to break & peel the bond.

7

Failure at bond line, no damage to bonded layers, tools & force are needed
to peel the bond.

8

Failure at bond line, some damage to the bonded layers during peeling.

9

Bonded layers are severely damaged during peeling but with some signs of
bond line failure.

10

Bonded layers destroyed with no sign of bond line failure.

3.7 Physical properties
Physical properties are those that are observed, tend to be unit-less or presented as a percentage.
These properties while important to define, tend to not be easily correlated to any others or that
property measured on a different scale.

3.7.1 Hardness
Hardness measurements are a useful tool in ensuring a polymer has fully cured. The property could
possibly be useful in evaluating suitability of the material as a bend restrictor. Hardness was
measured immediately after the PU was cured and monitored in the ageing sector of this study as
hot, moist environments are known to affect the hardness of PU in practice.
Initial hardness was measured using handheld Shore A and D manual digital shore tester CV-DSAS
and DSDS, serial numbers 6709 and 6689 respectively, manufactured by Bowers metrology group,
Shanghai, China. Moulded samples greater in thickness than 6 mm for Shore A and 3 mm for Shore
D were used to BSI ISO standard 7619-1-2010 98. A flat surface was found on the sample and the

86

durometer pin was steadily indented into the sample for 3 seconds, the highest measured value
was recorded.

3.7.2 Mass change
In accordance to BS ISO 62 128, a disk 50 mm Ø and 3 mm thick was used to measure mass changes.
After drying at 50 °C for 24 hours and cooling in a desiccator the mass of the disks was measured.
Disks were then immersed in distilled water for a further 24 h; a stand was used to ensure all
surfaces of the PU were exposed (Fig. 3.6). On removal they were wiped dry with paper towel and
re-measured. Mass measurements were taken using a Kern and Sohn GmbH, type ABS 220-4N,
serial number WB13AR0098, precision scale accurate to 0.1 mg.
Mass change due to water absorbency is a crucial material property for polymers used in CCA in
the sub-marine industry. This technique provides information on initial rapid intake of water and in
durability studies how this property progresses. There may also be a correlation between other
material properties and the amount of water absorbed, providing insight on how the absorbed
water interacts with the polymer chains. A similar study using artificial sea water will be detailed in
Chapter 6.

Figure 3.6 A desiccator, precision balance and PU stand used to measure mass change.
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3.7.3 Compression set
Compression set was carried out to ASTM D395-03 test method B, type 2, using a Starrett 117038
displacement gauge, ground 304 stainless steel fixtures, 4.5 mm thick spacers and a Lindberg Blue
convection oven 106. A sheet of PU 6 mm thick was compressed to 75 % its initial thickness, heated
to 65 °C for 70 hours. The samples then underwent a 30-minute cooling period prior to final
thickness measurement.
PU is expected to behave as an elastomer and this technique will provide information of each PUs
ability to resist permanent deformation, as manufactured. This technique as part of the ageing
study, is one way to combine multiple stressors, heat, moisture and a compressive force over time
while monitoring the given material’s resilience. This technique provides comparative data on
durability in an artificial, accelerated environment which mimics the end use.

3.8 Electrical testing
The main function of CCAs is electrical, to provide or transport an electrical signal across a given
distance. The selected electrically insulative materials are expected to provide resistance to the
flow of current and electrical breakdown. Measuring dielectric strength, volume and surface
resistivity provides direct data relevant to the final product and end use. These properties were
also monitored during the ageing durability study, to provide comparative data on how these
properties deteriorate.

3.8.1 Volume and surface resistivity
Resistivity was measured using a Keithley 6517A Electrometer with a Keithley 8009 resistivity test
fixture attachment to ASTM D257 110. Results were analysed using LabVIEW 2015 SP1, by TeledyneScientific. Samples had a Ø of 78 mm with a minimum thickness of 2 mm.

3.8.2 Dielectric strength
Dielectric strength was carried to ASTM D150 129 using a HIPotronics 7100-5D149-P-B Ac dielectric
test set with a Hipotronics Robinson Type 970 system controller and 25.4 mm diameter electrodes.
The same sample geometry as volume and surface resistivity was used.
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3.9 Durability
In this study, temperature was used as the accelerating stressor. Samples of a legacy PU and
selected replacements was immersed in a 3.5 wt.% NaCl solution (artificial seawater) at 60 °C.
Mechanical, physical and electrical properties described above were measured periodically, to
monitor and compare degradation. This study was carried out by Teledyne-Scientific, California,
USA.

3.10 Summary
This chapter details the materials, methods, equipment, test parameters and sample geometry
used referencing international test standards where relevant. The chapter provides information on
why each technique was chosen and how the data from one technique may support another. This
had the end goal of allowing understanding of the chemical structure and composition, quantifying
thermal, mechanical and electrical properties and observing physical characteristics.
The following three chapters are results of this study, designed to fully appreciate suitability for end
use. Analysis of the raw components is as crucial as the analysis of the cured product. Chapter 4
provides an overview of all chemical analysis of the individual raw PU components. Chapter 5
presents further chemical analysis, thermal, mechanical and electrical properties for the cured
product. Chapter 6 details data from the durability study, monitoring how key properties
deteriorate in an artificial ageing environment. All data will be presented in a comparative format.
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4 Chapter 4: Results, characterisation of raw PU components

Introduction
The aim of this chapter is to ascertain the extent to which compositional information concerning
PU monomers, components and catalysts can be gained from Fourier Transform infrared (FTIR)
spectroscopy, nuclear magnetic (NMR) spectroscopy and inductively coupled plasma optical
emission spectroscopy (ICP-OES). These data can then be used to establish structure-property
relationships in subsequent chapters.

Starting material identification from material safety data information
The identities of the hazardous components of the monomers (isocyanates, polyols, extenders) and
catalysts were necessarily disclosed in the safety information; some guideline composition ranges
were also provided, although the ranges were extremely broad (Table 4.1). Chemical structures
were identified from the CAS numbers provided (Figs. 4.1 and 4.2). No information concerning nonhazardous content was available and so the polyol composition data was extremely limited.
Common among the isocyanate samples were the presence of MDI and MDI-related oligomers
(Table 4.1). Other isocyanates were not mentioned as being present. Polyols mentioned were of
the type polyalkylene glycol, including poly(tetramethylene oxide) in the case of the PU3 polyol.
Two different Hg-containing catalysts were noted to be present in the legacy polyols (L1- L3
polyols), these being phenylmercury neodecanoate (L1-cat and L3-cat) and diphenyl[mu-[tetra
propenyl)succinate(2)-O:O]]dimercury (L2-cat) (Table 4.1, Fig. 4.2). PU samples PU3 and PU4 are 4component systems, each having a separate and different catalyst component: di-n-octyltin
bis(isooctylmercaptoacetate) (PU3-cat) and di-n-butylbis(dodecylthio)tin (PU4-cat), although both
being Sn based catalysts.
Separate extenders, PU3-Ext and PU4-Ext were reported to be 100 % 1,4-butanediol from safety
information.
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Table 4.1 Known composition of isocyanates and polyols revealed in safety data information due to their harmful
properties.

PU code

Isocyanate
code

Isocyanate CAS No. Polyol
(% composition)
code

L1

L1-ISO

L2

L2-ISO

L3

L3-ISO

PU1

PU1-ISO

PU2

PU2-ISO

101-68-8 (60-80)
78-40-0 (1-5)
25686-28-6 (100)
101-68-8 (60-70)
78-40-0 (<2)
25686-28-6 (100)
101-68-8 (60-70)
78-40-0 (<2)
9048-58-2 (50-70)a
101-68-8 (30-50)
39310-05-9 (1-2.5)b
5873-54-1 (1-2.5)c
= L1-ISO

PU3-70Ad

PU3-ISO

123714-19-2 (<100)e PU3Polyol

PU3-95Ad

PU3-ISO

123714-19-2 (<100)e PU3Polyol

PU3-75Dd

PU3-ISO

123714-19-2 (<100)e PU3Polyol

PU4-70A

PU4-ISO

PU4-95A

PU4-ISO

PU4-75D

PU4-ISO

159168-82-8
(70<90)f
101-68-8 (<60)
25686-28-6 (5<15)
5873-54-1 (1<2.5)c
159168-82-8
(70<90)f
101-68-8 (<60)
25686-28-6 (5<15)
5873-54-1 (1<2.5)c
159168-82-8
(70<90)f
101-68-8 (<60)
25686-28-6 (5<15)
5873-54-1 (1<2.5)c

L1Polyol
L2Polyol
L3Polyol
PU1Polyol

PU2Polyol

PU4Polyol

Polyol component/ CAS Polyol:
No. (% composition)
Isocyanate
(mass ratio)g,i
110-63-4 (10-30)
2.2
26545-49-3 (0-1)h
Alkoxylated amine (10- 2.45
30)
27236-65-3 (<0.5)h
PPG (30-60)
3.6
26545-49-3 (0-1)h
Polyether polyol (70-90)
110-63-4 (5-15)
1333-86-4 Carbon black
(<1)
110-63-4 (10-25)
7631-86-9 Silicon
dioxide, chemically
prepared (2.5)
Contains
poly(tetramethylene
oxide)
Contains
poly(tetramethylene
oxide)
Contains
poly(tetramethylene
oxide)
Polyalkylene glycol (>99)

1.16

2.1

2.5

1.15

0.4

2.467

PU4Polyol

Polyalkylene glycol (>99) 1.07

PU4Polyol

Polyalkylene glycol (>99) 0.38
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a

b

MDI-prepolymer: 4,4-MDI:Poly(tetramethylene glycol) (25190-06-1) copolymer.
MDI-prepolymer: Methylene diphenyl diisocyanate homopolymer (=1,1 Methylenebis

(isocyanato benzene) homopolymer).
c

o-(p-isocyanato benzyl)phenyl isocyanate; diphenylmethane-2,4′-diisocyanate.

d

Also contains: 1,4-butanediol (110-63-4) extender, and catalyst CAS No. 26401-97-8 (1-2.5 %) as a

4-component system.
e

MDI-prepolymer: 4,4-MDI, oligomeric reaction products with butane-1,3-diol (6290-03-5), 2,4-

diisocyanato diphenylmethane (5873-54-1), [(methylethylene)bis(oxy)]dipropanol (32053-02-4)
and propane-1,2-diol (63625-56-9).
f

MDI-prepolymer: 4,4-MDI, oligomeric reaction products with 2,4-diisocyanato diphenylmethane

(5873-54-1), [(methylethylene)bis(oxy)]dipropanol (24800-44-0) and oxydipropanol (25265-71-8).
g

Mass ratios of extenders (polyol = 1): PU3-70A 0.131, PU3-95A 0.191, PU3-75D 0.225, PU4-70A

0.141, PU4-95A 0.204, PU4-75D 0.235.
h

i

Catalyst (see Fig. 4.2).
Chain extender information discussed later.
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Figure 4.1 Structure of components found in the legacy and replacement PUs (numbers refer to CAS numbers; further
details in Table 4.1).

93

Figure 4.2 Hazardous (listed) catalysts (a) phenylmercury neodecanoate (26545-49-3), (b) diphenyl[mu-[tetra
propenyl)succinate(2)-O:O]]dimercury (27236-65-3), (c) di-n-octyltin bis(isooctylmercaptoacetate) (26401-97-8), and (d)
di-n-butylbis(dodecylthio)tin (1185-81-5) used to prepare (a) L1, L3, (b) L2, (c) PU3, and (d) PU4. Numbers refer to CAS
numbers.

FTIR results
This section details the FTIR analysis of the individual isocyanates (prepolymers), polyols, chain
extenders and catalyst. In presenting transmittance spectra, all graphs are vertically offset to make
viewing easier.

FTIR of isocyanates
Six isocyanates were analysed for the corresponding seven polyurethanes under investigation,
spectra for PU2 and L1 are identical as the same isocyanate is used in both systems. Pure MDI was
also analysed as a powder for comparison. The majority of spectra are very similar (Fig. 4.3), starting
with a small signal in the 3360 to 3490 cm-1 region, highlighted in yellow. This trough is present in
all spectra including the pure MDIs. This region of an FTIR spectrum corresponds to –CH stretching
around the benzene ring. It is interesting that this appears as a double peak in the three
prepolymers (PU1, PU3 and PU4). Where a double peak is present, it could correspond to the
urethane N-H functional group and be a unique identifier.
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Figure 4.3 FTIR spectra of isocyanates.
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The section highlighted in red, 2770 to 2980 cm-1 , most likely accounts for the degradation of the
isocyanate. This signal is prominent in PU1 and L3– ISO(1), in the case of L3-ISO(1) the NCO peak
(2230-2260 cm-1), highlighted in green is completely missing and reduced in PU1-ISO. The
remaining isocyanates show a strong, sharp signal in this green region associated with the
stretching band of NCO. In PU1 and L3– ISO(1) there is also a dominant peak at 1100 cm-1 which is
associated with C-O, this forms as NCO reacts. This C-O peak and the peak highlighted in the red
section are present in a similar form in cured PUs FTIR spectra shown in Chapter 5.
The grey section 1660 to 1740 cm-1 associated with C=O is shifted for the commercial isocyanates
in comparison to the pure MDI as they are a mixture of various types of MDI and in some cases
prepolymers. The pale blue region 1450 to 1560 cm-1 is associated with the stretching of the C=C in
the benzene ring. It is unclear why these are missing from L3-ISO(1).
It is worth noting that while the signals on the pure MDI spectra are in the same region as those
associated with the commercial PUs, they are all slightly shifted. This is expected as the commercial
PUs are liquid oligomers of the pure solid MDI.

FTIR of polyols
The seven commercial polyols were analysed and five PPGs with varying Mr of 425, 1000, 2000,
2700 and 4000 g mol-1, propylene glycol and dipropylene glycol were also analysed for comparison
(Fig. 4.4).
The yellow section with a broad trough at 3300- 3540 cm-1 corresponds to the O-H functional group
at the end of the chain. Not surprisingly this peak is faint for PPG Mr 1000-4000 g mol-1; as Mr
increases, chain length also increases reducing the number of O-H functional groups in relation to
the monomer as a whole. The peak is broader for the shorter chained propylene glycol and
dipropylene glycol extending to 3080 cm-1 as they also have OH groups branching off the main chain
increasing the potential for hydrogen bonding.
The red section, 2800 to 2980 cm-1 highlights troughs in the C-H aliphatic stretch region, providing
information on the carbon back-bone. This signal is similar across the 5 PPGs, the three legacy
polyols and polyol replacement in PU1 and PU2. The signal in this region changes shape, becoming
sharper and more intense for PU3 and PU4, while remaining similar suggesting and supporting that
these two have the same PTMEG back-bone. This is further confirmed by identical troughs in the
finger printing region of the spectra i.e. 600 to 1500 cm-1 (the two regions discussed below; grey
and blue) and a signal at 740 cm-1. This section highlighted in red and peaks slightly to the right
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(2600 to 2800 cm-1 in the case of PU3 and PU4 polyols) appear to be diagnostic to the type of polyol
used.

Figure 4.4 FTIR spectra of polyols.
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Highlighted in the green region is a similarity in the 3 legacy polyols. Peaks are not expected in a
transmittance FTIR spectrum. However, they appear in these three polyols at 2220 to 2300 cm-1,
this was reproducible. The similarity between these three polyols is the addition of the Hg based
catalyst. This signal is likely to be the result of the interaction between the Hg ions and carbon.
In the < 1500 cm-1 region the section highlighted in grey, shows a sharp peak at 1370 cm-1, with a
similar profile across the PPGs, legacy polyols and PU1-Polyol and PU2-Polyol. A similar profile
between PU3-Polyol and PU4–Polyol is also noted in this section. This is associated with the
stretching of the R-CH3 groups.
A sharp dominant trough at 1100cm-1 corresponding to the C-O bond is highlighted in blue. This
shows slightly to the right for the propylene glycol and dipropylene glycol. A similar profile is
observed between PU3-Polyol and PU4-Polyol, similar profiles between replacement PU2, PU1,
the legacy PUs (L1, L2 and L3-Polyols) and the PPGs.
Overall the series of PPGs, the legacy polyols and PU1-Polyol and PU2-Polyol show great
similarities. Replacement polyols PU3 and PU4 are similar to each other. Propylene glycol and
dipropylene glycol show similarity to each other, these have signals in corresponding regions to the
other polyols as expected but with a different profile and intensity.

FTIR of chain extenders
Chain extenders are present as a separate component in PU3 and PU4, these were analysed
alongside analytical grade 1,4-butanediol for comparison (Fig. 4.5). All three spectra are identical.
The spectra obtained were simple with 4 main signals. The yellow broad trough from 3000 to 3500
cm-1 associated with O-H groups stretching, corresponds to the OH groups at the end of each
monomer. A strong, intense, dominant double trough in the red region 2780 to 2980 cm-1
corresponds to the two different C-H environments stretching symmetrically and asymmetrically
respectively. The grey and blue regions between 900 cm-1 and 1500 cm-1 further show all three
chemicals to be identical. The grey section corresponds to the C-H bending. With a trough at 1050
cm-1 (blue region) corresponding to C-O bond stretching.
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Figure 4.5 FTIR spectra of chain extenders.

FTIR of catalysts
PU3 and PU4, as the only four-part PU systems, have separate catalysts. These were both analysed
(Fig. 4.6) and found to be unexpectedly quite similar as they have different CAS numbers /
structures (Fig. 4.2 c and d).
There are unexpected peaks (as only troughs are expected in a transmittance spectra) in the 3000
to 3500 cm-1 region highlighted in yellow, similar to peaks observed in the legacy polyols L1- L3 (Fig.
4.4) which in this case could be associated with the presence of a metal ion interacting with the
alkyl chain.
Other noteworthy peaks are highlighted in red, associated with C-H functional groups stretching,
three separate signals are noted. In the green region at 1700 cm-1 is a sharp intense trough
corresponding to a C=O functional group while this is evident in the structure for PU3 it is not in
PU4. This is also the case for the area highlighted in grey showing a sharp dominant trough at 1100
cm-1 which normally corresponds to a C-O bond stretching. Highlighted in the blue region is a signal
at 700 cm-1 corresponding to C-S stretching.
It seems likely therefore that PU4 has a very similar ester-containing catalyst as that in PU3,
contrary to the safety data sheet indications (Table 4.1 and Fig. 4.2c,d)
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Figure 4.6 FTIR spectra of catalyst.

NMR results
The NMR section is separated into the different types of NMR used: 13C and 19F NMR. In this chapter
the individual raw components were investigated.

13C

NMR of isocyanates and polyols

13

C NMR of the isocyanates and polyols were carried out to assess the efficacy of this technique for

comparing/fingerprinting different monomers and for assessing what other organics might be
present in formulations. The overall aim was to link polymer properties (discussed in chapter 5) to
chemistry of the starting materials.

4.3.1.1 13C NMR of isocyanates
The 13C NMR spectrum of MDI (pure, reference sample; Fig. 4.7) showed signals at 40.8 (-CH2-),
124.8 (NCO), 124.9 (o- to NCO), 130.0 (m- to NCO), 131.7 (-C-NCO), 138.4 (C-CH2-) ppm; assignments
were confirmed 130. Signal on PU4-ISO at 200 ppm is likely to be contamination of acetone resulting
from cleaning NMR tubes (also identified on Fig. 4.9).
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Figure 4.7 13C NMR of isocyanates and MDI. PU2-ISO (not shown) is the identical product to L1-ISO.
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13

C NMR data of the legacy and replacement PU isocyanates are also overlaid on Fig. 4.7. Isocyanate

L1-ISO might be expected to have the simplest spectrum since the hazardous materials noted are
only MDI and triethyl phosphate (TEP (CAS# 78-40-0); Table 4.1, Fig. 4.1). The latter is added as a
flame retardant to PU formulations 131. Whilst signals for TEP can be seen (16.2 and 63.1 ppm for CH3 and OCH2-, respectively) 132, many other peaks in the aromatic (and two additional aliphatic)
carbon peaks are present. Since no oligomeric-MDI components are likely to be present (not
revealed on safety data sheet) in L1-ISO, these signals are likely to be associated with nonhazardous aromatic solvents/components. TEP is known to be present in all legacy isocyanates L1ISO-L3-ISO, according to the safety data and is indeed confirmed by presence of the 16.2 and 63.1
ppm signals in the 13C NMR. An -N-CO-O- peak at ca. 153 ppm is observed, which does not seem to
be consistent with the reported constituents (MDI and TEP).
The 13C NMR spectra for L2-ISO and L3-ISO show similarities to one another, not surprisingly since
the reported hazardous constituents are the same (different in reported ratios). The surprising
similarity of L1-ISO to these two isocyanates however, suggests that L1-ISO does also contain MDI
oligomers (to provide the –N-CO-O- linkage). The signal ca. 143 ppm for L1-ISO-L3-ISO could be that
for the C=N signal in the 4-membered ring structure (uretonimine ring in CAS# 25686-28-6, Fig. 4.1).
PU1, PU3 and PU4-ISOs show spectra consistent with the reported oligomeric MDI isocyanate
structures in that polyether signals are seen in the region 70-20 ppm in addition to the signals
characteristic of MDI, confirming that these are prepolymers.

4.3.1.2 13C NMR of PPGs with known mean molecular mass
13

C NMR could potentially be very useful for providing insights into the structure of commercial

polyols, since very little data can be obtained from safety information sheets owing to their nonhazardous profile. Before spectra of polyols were examined, it was first considered appropriate to
begin with a range of polyalkylene glycols (PAGs) of differing molecular mass. Monopropylene
glycol (MPG) is the monomer of such polymers, and so its 13C NMR spectrum is very simple (Fig.
4.8): a substituent CH3 group (ca. 19 ppm), a CH group (to where the CH3 group is substituted; 68
ppm) and a neighbouring CH2 group (ca. 67.5 ppm).
The dimer, dipropylene glycol (DPG, Fig. 4.8) is surprisingly more complicated, however, due to
different combinations to which the two MPG units can be but together (head-to-head, head-totail and tail-to-tail) in addition to their being ether as well as alcohol groups. For example, seven
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separate signals ca. 72-78 ppm occur due to CH2 adjacent to ether linkage (Fig. 4.8). The signals at
68 (CH-CH3) and 67.5 (CH2) ppm in MPG appear to have shifted to ca. 66 pm in DPG. In addition, the
CH3 substituent signal at ca. 19 ppm in MPG also appears at the same position in DPG, although 3
other signals also appear slightly up field (ca. 16-17.5 ppm). These latter signals are likely to be CH3
groups in the vicinity of an ether linkage.

Figure 4.8 13C NMR of MPG, DPG and PPGs of different relative molecular mass (425-4000 g mol-1).
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These spectral interpretations are strengthened by examining the 13C NMR spectra of a series of
PPG polyols, of Mr 425, 1000, 2000, 2700 and 4000 g mol-1 (Fig. 4.8). The signals ca. 72-78 ppm
separate out into 2 groups of signals, one ca. 73 ppm and the other ca. 75 ppm. These are probably
due to -CH2-O-C and –CH(CH3)-O-C, respectively (labelled A and B). A and B will each contain signals
from different environments ‘on the other side’ of the ether linkage, for example, in the case of A:
-CH2-O-CH(CH3)CH2-O- and -CH2-O-CH2CH(CH3)-O-. In addition, at ca. 17 ppm there are –CH(CH3)-OC signals, although these do not appear to be sensitive as to the environments in which the ether
linkage is coupled (i.e., only one peak appears at ca. 17 ppm). As the Mr increases, as expected,
signals for carbon atoms linked to the terminal OH groups decrease. For example, signals at 66.0
and 66.5 ppm decrease with increasing Mr and are likely to be terminal –CH2-OH or –CH(CH3)-OH
groups. Similarly, diminishing signals at ca. 18 and 19 ppm are likely to be substituent CH3 groups
near to terminal OH groups, i.e., –CH(CH3)CH2-OH or –CH(CH3)-OH. The ratio of these peaks relative
to those where the CH3 groups are adjacent to an ether linkage could in principal be used to
calculate the Mr value of the PPG. However, integration values from 13C NMR spectra are known to
be not simply proportional to the number of carbons giving rise to the signal 133. Nevertheless, 13C
NMR spectroscopy could provide a useful method for giving information about the nature of a
polyol of a commercial sample. The 13C NMR spectra of L1-Polyol – L3-Polyol and PU1-Polyol – PU4Polyol, were investigated next.

4.3.1.3 13C NMR of commercial polyols
13

C NMR of L1-Polyol – L3-Polyol and PU1-Polyol – PU4-Polyol are shown in Fig. 4.9 and 4.10.

Downfield from 90 ppm, signals are only apparent for L2-Polyol, which seem to correspond to
alkenes or aromatic rings (3 main signals; Fig. 4.9), and for PU2-Polyol, PU3-Polyol and PU4-Polyol,
one signal each, attributed to the acetone-d6 solvent (C=O ketones, 205-220 ppm) 134.
Upfield from 90 ppm, the 13C NMR spectra of the commercial polyols can be compared with those
of the PPG polyols examined in the previous section. Comparisons can also be made with the limited
information available from the safety data sheets (Table 4.1), namely that L1-Polyol, PU1-Polyol
and PU2-Polyol contains 1,4-butanediol (BDO); L1-Polyol, L2-Polyol and L3-Polyol contain the
organomercury catalysts; L2-Polyol contains an alkoxylated amine; L3-Polyol contains a PPG; PU1Polyol contains a ‘polyether polyol’ (not necessarily a PPG); PU3-Polyol and PU4-Polyol contain
poly (tetramethylene oxide)(PTMO)
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Figure 4.9 13C NMR of L1-Polyol – L3-Polyol and PU1-Polyol – PU4-Polyol (full spectrum).
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Figure 4.10 13C NMR of L1-Polyol – L3-Polyol and PU1-Polyol – PU4-Polyol (0 – 90 ppm region).
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Some of the polyols show very simple 13C NMR spectra (Fig. 4.10). For example, PU3-Polyol contains
two main signals and a lower intensity signal, likely to be attributed to C-O-CH2-(CH2)3-O-C (70 ppm),
C-O-CH2-(CH2)2-CH2-O-C (27 ppm) and HO-CH2-(CH2)3-O-C (61.5 ppm; terminal group), respectively.
Oddly, PU4-Polyol does not appear to show any signals (other than acetone-d6 solvent); this was
reproducible. The pendent CH3 group of the PPG back-bone at ca. 17.4 ppm is very clear in L1-Polyol
– L3-Polyol, PU1-Polyol and PU2-Polyol. In these five polyols, except the latter, as with the PPG
polyols (Fig. 4.8) the 17.4 ppm signal actually appears as two signals (17.4 and 17.5 ppm); these are
likely to arise from the two CH3 environments: -O-CH(CH3)-CH2-O-CH(CH3)CH2-O- and -O-CH(CH3)CH2-O-CH2-CH(CH3)-O- (head-to-head and head-to-tail). In PU2-Polyol, a broader peak is observed
at 17.4 ppm, perhaps due to this polyol being of higher Mr (broader CH2 and CH(CH3) signals were
also seen in the 70 ppm region). L1-Polyol – L3-Polyol show more signals in the spectra, perhaps
not surprisingly since these polyols contain the organomercury catalyst component and L2-Polyol
has been reported as containing an alkoxylated amine (safety data). Examination of the catalyst
structures of these legacy polyols (Fig. 4.2) suggests the olefinic and aromatic carbons of the
catalyst in L2-Polyol may account for these signals seen in the spectrum of this compound (Fig. 4.9).
Interestingly, corresponding aromatic carbon atoms in the spectra of L1-Polyol and L3-Polyol were
not observed: perhaps the catalyst concentrations were lower in these compounds or this could be
the result of a different organomercury catalyst being used.
Also, considering the presence of BDO stated in L1, PU1 and PU2 polyols, the 13C NMR spectra of
the commercial polyols can be compared with the spectrum of BDO (Fig. 4.11). Due to the
symmetry of the molecule, only two carbon environments are present: HO-CH2-(CH2)3-OH (61.7
ppm) and HO-CH2-CH2-(CH2)2-OH (29.7 ppm). These two signals are readily observable in the 3
commercial polymers L1-Polyol, PU1-Polyol and PU2-Polyol. The 29.7 ppm signal for the latter
polyol was under the (CD3)2CO signal, although the signal (low intensity) was also observed for L2Polyol, which was not documented to contain BDO (Table 4.1); a corresponding 61.7 ppm signal
was not observed, thus, L2-Polyol is unlikely to contain BDO. Signals from this compound in the
remaining polyols were not observed, confirming the absence of this chain extender from the polyol
component (although it is known to be present in the separate extenders, PU3-Ext and PU4-Ext).
The BDO content could be determined from the integration values of the 1H NMR signals
corresponding with the 13C NMR signals (by examining 2D NMR spectra) for the BDO signals with
respect to those of the PPG. To do this, however, the PPG Mr would need to be known.

107

Figure 4.11 13C NMR of L1-Polyol, L2-Polyol, PU1-Polyol, PU2-Polyol and 1,4-butanediol.
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Examination of the 13C NMR spectra of the polyols confirms the information available from safety
data and provides a qualitative indication of the type of polyether polyol present, i.e., whether a
polypropylene glycol (PPG), a polyethylene glycol (PEG) or poly(tetramethylene ether) glycol
(PTMEG/ PTMO), which may not be specified in the safety data. The presence of BDO can also be
confirmed. Quantification of Mr and BDO content is not readily available from this technique.

19F

NMR of isocyanates and polyols

19

F NMR of the isocyanates and polyols were carried out to determine NCO/OH content and mean

Mr values of the polyols.

4.3.2.1 19F NMR: Determination of NCO content of isocyanates
The expected 3 peaks of the fluorinated product, excess HFIP and the TFT standard were seen in
the 19F NMR spectra obtained from all isocyanates (an example of that, L1-ISO is shown in Fig. 4.12).
The peaks of the fluorinated product and excess HFIP appeared as doublets, as expected. The
splitting constant was smaller than for 1-fluoro-2-propanone, since splitting occurs across 2 carbon
atoms in the fluorinated product and HFIP (J1,2 = 7.1 Hz [0.019 ppm]) rather than 3 carbon atoms
for 1-fluoro-2-propanone (J1,3 = 48 Hz)135.

Figure 4.12 Example of an 19F NMR spectrum of a commercial isocyanate (L1-ISO).
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The CNCO of MDI and all the commercial isocyanates samples (Table 4.2) was hence calculated (as
per 3.4.3.1) in the calculation; the mean of the two blank samples was used.
The highest CNCO value (0.00822±0.00012 mmol mg-1) was that for MDI, not surprisingly since this
was a pure isocyanate sample. Since the structure of MDI is known for this compound, a theoretical
CNCO value can be calculated to help validate the measurements. The number of moles in 1 mg of
MDI (mMDI) is given by:

Equation 4.1

𝑚𝑀𝐷𝐼 =

𝑀𝑀𝐷𝐼
0.001
=
= 3.996 × 10−6 moles
𝑀𝑟,𝑀𝐷𝐼 250.25

where MMDI and Mr,MDI correspond to the mass (1 mg) and relative molecular mass of MDI
respectively

Equation 4.2

𝑚𝑁𝐶𝑂 = 2 × 3.996 × 10−6 moles = 7.992 × 10−6 moles = 0.00799 mmol mg −1

That is very close to the experimental value (0.00822±0.00012 mmol mg-1), giving confidence in the
method.
PU1-ISO had the lowest value (0.00382±0.00023 mmol mg-1) and this can be explained by ‘internal’
NCO having already undergone polymerisation with a diol/extender to produce the ‘prepolymer’.
PU4-ISO also has a fairly low CNCO value (0.00572±0.00026 mmol mg-1), supporting this theory; this
is also the case for PU3-ISO with a CNCO value of 00558±0.00058 mmol mg-1.
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Table 4.2 CNCO of isocyanates by 19F NMR end group analysis (ITFT = 1). PU2-ISO (not shown) is the identical product to L1ISO.

Ms

TFT

[mg]

[ppm]

Control (1)

0

-63.39

-

0

-76.44

27.80

-

Control (2)

0

-63.42

-

0

-76.46

25.48

-

MDI (1)

51.0

-63.17

-74.22

11.21

-76.29

13.45

0.00822±0.00012

MDI (2)

53.3

-63.17

-74.21

11.95

-76.28

14.38

L1-ISO (1)

50.7

-63.30

-74.30

9.67

-76.35

15.02

L1-ISO (2)

60.0

-63.29

-74.29

10.32

-76.34

13.52

L2-ISO (1)

66.2

-63.23

-74.26

14.66

-76.32

9.08

L2-ISO (2)

62.8

-63.26

-74.28

11.04

-76.34

10.87

L3-ISO (1)

52.6

-63.29

-74.31

8.50

-76.36

12.58

L3-ISO (2)

55.2

-63.29

-74.30

9.57

-76.36

12.22

PU1-ISO (1)

67.3

-63.26

-74.29

6.98

-76.35

14.96

PU1-ISO (2)

46.1

-63.30

-74.32

4.74

-76.39

17.06

PU3-ISO (1)

51.3

-63.28

-74.30

7.67

-76.36

15.27

PU3-ISO (2)

68.8

-63.25

-74.28

10.44

-76.34

12.11

PU4-ISO (1)

59.6

-63.26

-74.29

8.91

-76.35

12.84

PU4-ISO (2)

55.2

-63.27

-74.30

8.79

-76.35

14.02

Isocyanate
(replicate no.)

FP [ppm]

HFIP

IFP

IHFIP

CNCO [mmol mg 1]

[ppm]

0.00671±0.00049

0.00735±0.00120

0.00620±0.00031

0.00382±0.00023

0.00558±0.00058

0.00572±0.00026

4.3.2.2 19F NMR: Investigations with PPGs with known mean molecular mass
The 19F NMR spectra of products from the reaction between FPI and PPGs of known mean Mr were
recorded, to provide validation of the technique. As expected, 3 main F peaks were seen in the 19F
NMR spectra, corresponding to the TFT internal standard (-63 ppm, integration set to 1), the
fluorinated product (-122.2 ppm) and the excess FPI (-117 ppm)69 (Fig. 4.13). A shift in the
fluorinated product peak from the literature value of -119 ppm was probably due to (CD3)2CO being
used rather than CDCl3 since the latter might be expected to cause folding of polyether chains
making their terminal groups less accessible; also PPG was used here rather than PEG 69. A fourth
peak was observed at -122.4 ppm, which probably corresponds to the urea side-product (F-Ph-NH-
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CO-NH-Ph-F) resulting from reaction of FPI with extraneous moisture, seen at -121 ppm in literature
69

(the shift again being due to use of (CD3)2CO rather than CDCl3); this peak is sufficiently isolated

from the fluorinated product signal and so not be of any concern 69, especially since FPI was in
excess. H-F peak splittings were not observed in these spectra since couplings through the phenyl
ring and the pendent CF3 group (in FPI and the fluorinated product, for example) are not possible.

Figure 4.13 Example of an 19F NMR spectrum of a PPG (MW 425 g mol-1). Inset: Zoom of 122-123 ppm region.
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The OH content of the PPG ‘standards’ (Table 4.3) were hence calculated (as per 3.4.3.2) in the
calculation; the mean of the two blank samples was used.
COH was found to decrease as PPG Mr increases, as expected since the OH groups form an
increasingly minor constituent of the molecule with increasing Mr. COH values can be converted to
hydroxyl value, which is a well-established quantity for characterising polyols.

Table 4.3 OH content (COH) of PPGs by 19F NMR end group analysis. Minor peaks shown in grey.

PPG &

Ms

TFT

1

FPI

2

FP

Urp

3 [ppm]

COH

replicate no.

[mg]

[ppm]

[ppm]

[ppm]

[ppm]

[ppm]

[ppm]

(I3 x 10-3)

[mmol

(ITFT=1)

(I1

(IFPI)

(I2

(IFP

(IUrp

OH

x 10-3)

x 10-3)

x 10-3)

mg-1]

x 10-3)
Control (1)

0

-63.03

-

-117.31

-

(2.46)
Control (2)

PPG425 (1)

PPG425 (2)

PPG1000 (1)

PPG1000 (2)

PPG2000 (1)

PPG2000 (2)

PPG2700 (1)

PPG2700 (2)

PPG4000 (1)

0

31.2

43.7

37.7

42.6

43.2

31.6

42.2

31.8

38.0

-63.03

-62.92

-62.97

-62.98

-62.97

-62.98

-62.99

-62.98

-62.99

-62.98

41.0

-62.97

-

(78.6)

-124.14

-

(4.7)

-113.93

-117.33

-120.01

-122.55

(0.3)

(2.64)

(9.7)

(110.0)

-113.81

-117.25

-119.90

-122.18

-122.42

-124.06

0.00926

(12.3)

(1.91)

(14.2)

(360.0)

(220.0)

(9.9)

±0.00114

-

-117.31

-119.96

-122.24

-122.50

-124.13

(1.66)

(10.7)

(600.0)

(270.0)

(2.7)

-113.82

-117.21

-119.88

-122.19

-122.43

-124.06

0.00348

(2.6)

(1.88)

(8.5)

(190.0)

(240.0)

(3.5)

±0.00030

-113.82

-117.20

-119.86

-122.16

-122.38

-124.01

(2.4)

(1.76)

(4.5)

(190.0)

(300.0)

(1.2)

-113.81

-117.20

-119.90

-122.18

-122.42

-124.00

0.00140

(7.4)

(2.14)

(12.1)

(97.9)

(290.0)

(3.6)

±0.00037

-113.81

-117.23

-119.90

-122.19

-122.43

-124.03

(4.6)

(2.27)

(25.5)

(49.2)

(290.0)

(5.3)

-113.82

-117.22

-119.90

-122.19

-122.44

-123.98

0.00075

(19.9)

(2.05)

(8.2)

(38.9)

(220.0)

(5.8)

±0.00011

-113.82

-117.23

-

-122.20

-122.45

-124.02

(11.7)

(2.39)

(35.8)

(230.0)

(41.0)

-

-117.19

-122.16

-122.42

-123.98

0.00054

(26.8)

(236.4)

(17.0)

±0.00003

-122.17

-122.40

-

(31.0)

(280.0)

-

(2.12)
PPG4000 (2)

-122.54

-

-117.18
(2.23)
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-

-

-124.12

-

(9.3)

The hydroxyl value is the number of milligrams of KOH required to neutralise the acetic acid taken
up on acetylation of 1 g of a substance that contains free hydroxyl groups:

Equation 4.3

R-OH + HOAc → ROAc + H2O

Equation 4.4

HOAc + KOH → KOAc + H2O
Therefore, the hydroxyl value is given by

Equation 4.5

Hydroxyl value = 1000𝑀𝑟,𝐾𝑂𝐻 . 𝐶𝑂𝐻
where
Mr,KOH = relative molecular mass of KOH = 56.11 g mol-1.

The hydroxyl value of the PPGs can thus be calculated and compared with their literature values
(from Sigma Aldrich) (Table 4.4). The relative molecular mass of the PPGs can also be calculated
from the hydroxyl value, considering the number of hydroxyl groups per molecule, known as the
functionality, which is 2 (2 OH groups per PPG molecule) for PPGs. For unknown, commercial
polyols, of course, the functionality will be unknown, but probably around 2.
For example, if glycerine is used, the functionality will be 3; if there is a mixture of glycerine and
regular poly-diols, then the functionality will be between 2 and 3 etc. An equivalent weight (EW) is
sometimes helpful to define (since it is independent of functionality), in which relative molecular
mass (Mr,polyol) can be calculated:

Equation 4.6

𝐸𝑊 =

56.11 × 1000
Hydroxyl value
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Equation 4.7

𝑀𝑟,𝑝𝑜𝑙𝑦𝑜𝑙 = 𝐸𝑊 𝑥 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑡𝑦
The calculated Mr,polyol,calc values are also included in Table 4.4.
Table 4.4 OH content (COH), hydroxyl values and calculated Mr,polyol values of PPGs calculated using 19F NMR end group
analysis.

COH [mmol OH mg-1]

PPG

Hydroxyl valuecalc
-1

Hydroxyl valuelit

Mr,polyol,calc

-1

[mg KOH g ]

[mg KOH g ]

[g mol-1]

PPG425

0.00926 ± 0.00114

520 ± 32

263

218 ± 27

PPG1000

0.00348 ± 0.00030

195 ± 8

111

577 ± 50

PPG2000

0.00140 ± 0.00037

79 ± 10

56

1479 ± 388

PPG2700

0.00075 ± 0.00011

42 ± 3

37

2692 ± 377

PPG4000

0.00054 ± 0.00003

30 ± 1

28

3742 ± 183

4500

4000

y = 1.033x - 350.67
R² = 0.9827

Mr,19F NMR / g mol-1

3500
3000
2500
2000
1500
1000
500
0
0

500

1000

1500

2000

2500

3000

Mr,actual / g mol-1
Figure 4.14 Calibration plot obtaining Mr,actual from Mr,19F NMR.
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3500

4000

4500

Clearly, the calculated Mr,polyol values obtained from 19F NMR analysis are less than the theoretical
Mr values, especially at low Mr. The reason for this is unclear. However, if Mr,polyol values are plotted
against Mr then a good-fit (R2=0.9827) linear calibration plot is obtained (Fig. 4.14).
Alternatively, COH can be used to construct the calibration plot (R2=0.9926, Fig. 4.15).

0.012

0.01

COH / mmol OH g-1

y = 26.992x-1.309
R² = 0.9926
0.008

0.006

0.004

0.002

0
0

1000

2000

3000

4000

Mr,actual / g mol-1
Figure 4.15 Calibration plot for obtaining Mr,actual from COH vs. Mr,actual.

These calibration plots were then used to calculate Mr of the commercial polyols, which had
undisclosed Mr values (Table 4.7).

4.3.2.3 19F NMR: Investigations of commercial polyols used to produce PUs
19

F NMR data (Table 4.5) were then obtained from the commercial polyol samples so that the OH

content (COH values) could be determined and the Mr values obtained from the calibration plots
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(Fig. 4.14 and 4.15). The L1-Polyol did not have a signal corresponding to the fluorinated product
(ca. -122.1; Table 4.5) and so COH (and Mr) could not be calculated. The reason for the absence in
the signal is uncertain, although the G signal in this component was exceptionally high (Table 4.6),
suggesting an alternative fluorinated product.
Table 4.5 OH content (COH) of commercial polyols used to produce PUs determined using
Minor peaks shown in grey.

PPG &
replicate no.

Ms
[mg]

19F

NMR end group analysis.

TFT

1

FPI

2

FP

Urp

3

[ppm]
(ITFT=1)

[ppm]
(I1
x 10-3)

[ppm]
(IFPI)

[ppm]
(I2
x 10-3)

[ppm]
(IFP
x 10-3)

[ppm]
(IUrp
x 10-3)

[ppm]
(I3
x 10-3)

-113.88
(5.6)
-113.90
(4.3)
-113.82
(100.0)
-113.81
(120.0)
-113.80
(49.7)
-113.82
(65.9)
-113.82
(94.6)
-113.81
(130.0)
-113.82
(20.8)
-113.81
(24.2)
-113.80
(14.0)
-113.79
(86.8)
-113.82
(4.0)
-113.77
(5.5)
-113.82
(2.9)
-113.80
(2.8)

-117.28
(2.70)
-117.30
(2.21)
-117.21
(0.020)
-117.20
(0.036)
-117.19
(0.014)
-117.20
(0.045)
-117.20
(0.32)
-117.20
(0.019)
-117.23
(1.62)
-117.22
(1.44)
-117.23
(1.88)
-117.20
(1.86)
-117.24
(2.54)
-117.23
(2.38)
-117.23
(2.44)
-117.21
(2.54)

-119.95
(10.6)
-119.97
(8.5)
-119.85
(400.0)
-119.83
(500.0)
-119.83
(360.0)
-119.84
(360.0)
-119.85
(470.0)
-119.84
(420.0)
-119.89
(55.5)
-119.88
(58.1)
-119.90
(18.9)
-119.87
(190.0)
-119.91
(15.2)
-119.88
(4.8)
-119.90
(13.8)
-119.88
(8.3)

-122.48
(270.0)
-122.50
(230.0)
-122.42
(100.0)
-122.40
(83.9)
-122.38
(89.6)
-122.37
(79.4)
-122.40
(95.8)
-122.39
(110.0)
-122.45
(260.0)
-122.44
(240.0)
-122.44
(280.0)
-122.44
(240.0)
-122.43
(350.0)
-122.41
(340.0)
-122.42
(370.0)
-122.40
(290.0)

-124.09
(10.2)
-124.08
(7.8)
-

Control (1)

0

-63.02

Control (2)

0

-63.02

L1-Polyol (1)

34.6

-62.86

L1-Polyol (2)

29.8

-62.84

L2-Polyol (1)

33.2

-62.84

L2-Polyol (2)

32.8

-62.85

L3-Polyol (1)

28.1

-62.87

L3-Polyol (2)

31.7

-62.86

PU1-Polyol (1)

34.9

-62.97

PU1-Polyol (2)

39.9

-62.97

PU2-Polyol (1)

29.1

-62.98

PU2-Polyol (2)

38.6

PU3-Polyol (1)

27.3

-62.99

PU3-Polyol (2)

26.7

-62.99

PU4-Polyol (1)

33.9

-62.98

PU4-Polyol (2)

35.0

-62.98

-62.94
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-122.08
(37.8)
-122.10
(33.1)
-122.11
(150.0)
-122.09
(160.0)
-122.06
(270.0)
-122.05
(290.0)
-122.07
(180.0)
-122.03
(280.0)
-122.17
(76.0)
-122.16
(73.9)
-122.16
(97.6)
-122.15
(87.4)

COH [mmol
OH mg-1]

-

-

0.00079
±0.00007

-

0.00381
±0.00015

-124.05
(3.9)
-124.02
(4.4)
-124.03
(3.7)
-124.03
(5.5)
-124.03
(6.4)
-124.02
(4.7)
-124.05
(13.9)
-124.03
(7.3)

0.00550
±0.00024

0.00493
±0.00055

0.00203
±0.00001

0.00197
±0.00020

However, prior to this calculation, it was noted that other additional signals (A-G; Table 4.6) were
present in the 19F NMR spectra of the commercial polyols, that were not observed in the calibration
polyols (PPGs) of known Mr. It was considered that these signals might have diagnostic value
reflecting the possible more complex composition of the commercial polyols.
Although the origins of the additional signals are unknown, several interesting patterns can be seen.
Firstly, all these signals are absent in the PU3-Polyol and PU4-Polyol components, probably
reflecting the greater simplicity of these polyols in regard to there being fewer number of different
molecules with functional groups in which the fluorinated isocyanate can react and both containing
PTMO. The intensity of the A signal is several orders of magnitude greater in the spectra of the
legacy polyols compared to those of PU1-Polyol and PU2-Polyol (the integration values have not
been adjusted for polyol sample masses, although these are approx. the same and the values
provided in Table 4.5). This suggests some differences in the composition of the legacy polyols with
respect to the replacement polyols. Interestingly, the G signals (ca. -122.0) were only observed in
the legacy polyols and not the replacement polyols.
The COH values of the commercial polyols (Table 4.5) were obtained in the same manner as for the
PPG polyols of known Mr (as per 3.4.3.2). The COH values have been converted to hydroxyl values
(Eq. 4.5), Mr,19F NMR (Eq. 4.7) and corrected Mr values: two Mr,actual values are provided, Mr,actual using
the line equation given in Fig. 4.14, and Mr,actual′ using the equation provided in Fig. 4.15 (Table 4.7).
These values agree within 10 %. Mr,actual values (referred to as Mr henceforth) were in the region of
690 – 2800 g mol-1. A comparison of Mr with PU physical properties will be made in Chapter 7.
It must be remembered that the legacy PUs could contain an extender (BDO) in the polyol
component, (this is confirmed in the SDS for L1- polyol) whereas two of the replacement PUs (PU3
and PU4) have the PU extender (also BDO) as a separate mix component (isocyanate, polyol,
extender, catalyst). Therefore, BDO will not interfere in the calculation of Mr from COH for PU3 and
PU4, which could be the case where BDO is present within the polyol component material – as it is
in PU1-Polyol and PU2-Polyol, in addition to the legacy polyols (particularly L1-polyol). To
investigate this, the 19F NMR spectrum of the reaction mixture after reaction of BDO with FPI was
examined (Table 4.8).
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Table 4.6 Other minor 19F NMR signals from commercial polyols of possible diagnostic value. (Integration values not
corrected for different sample masses; Table 4.5).

PPG & replicate

A [ppm]

B [ppm]

C [ppm]

D [ppm]

E [ppm]

F [ppm]

G [ppm]

no.

(IA x 10-3)

(IB x 10-3)

(IC x 10-3)

(ID x 10-3)

(IE x 10-3)

(IF x 10-3)

(IG x 10-3)

Control (1)

-

-

-

-

-

-

-

Control (2)

-

-

-

-

-

-

-

-115.29

-115.43

-120.26

-121.57

-121.98

L1-Polyol (1)

-113.97

-115.17

(1840)

(7.2)

(33.9)

(6.3)

(71.4)

(8.0)

(240.0)

-113.95

-115.16

-115.28

-115.42

-120.25

-121.56

-121.96

(2140)

(6.2)

(32.5)

(6.3)

(79.9)

(8.4)

(230.0)

-113.95

-115.09

-

-115.53

-120.25

-121.57

-121.84

(1920)

(45.3)

(14.8)

(76.7)

(6.0)

(31.5)

-113.97

-115.11

-115.55

-120.27

-121.57

-121.85

(1820)

(43.6)

(14.8)

(77.6)

(6.5)

(26.4)

-113.97

-115.58

-

-120.28

-121.56

-121.99

(1890)

(50.3)

(74.2)

(7.2)

(1.3)

-113.97

-115.57

-120.26

-121.56

-121.95

(1860)

(77.0)

(73.2)

(7.7)

(2.2)

-114.01

-115.29

-120.30

-

-

(4.5)

(1.6)

-113.99

-115.27

-

-

(12.8)

(7.3)

-114.01

-115.59

-

-

-

(13.5)

(11.5)

-113.97

-115.28

-115.42

-120.27

-

-

(220.0)

(17.4)

(4.4)

(31.6)

PU3-Polyol (1)

-

-

-

-

-

-

-

PU3-Polyol (1)

-

-

-

-

-

-

-

PU4-Polyol (1)

-

-

-

-

-

-

-

PU4-Polyol (2)

-

-

-

-

-

-

-

L1-Polyol (2)

L2-Polyol (1)

L2-Polyol (2)

L3-Polyol (1)

L3-Polyol (2)

PU1-Polyol (1)

PU1-Polyol (2)

PU2-Polyol (1)

PU2-Polyol (1)

-

-

-

-

-

-

(12.5)
-

-

-120.28
(11.1)

-

-116.88
(20.9)

-
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Table 4.7 OH content (COH), hydroxyl values and calculated Mr values of the commercial polyols calculated using 19F NMR
end group analysis.

COH [mmol OH mg 1]

Polyol

Hydroxyl valuecalc

Mr,19 F NMR

Mr,actual

Mr,actual′

[mg KOH g-1]

[g mol-1]

[g mol-1]

[g mol-1]

L1-Polyol

-

-

-

-

-

L2-Polyol

0.00079 ± 0.00007

44 ± 4

2551 ± 216

2809 ± 209

2922 ± 190

L3-Polyol

0.00381 ± 0.00015

214 ± 8

526 ± 21

848 ± 20

857 ± 26

PU1-Polyol

0.00550 ± 0.00024

309 ± 14

364 ± 16

692 ± 16

661 ± 22

PU2-Polyol

0.00493 ± 0.00055

276 ± 31

409 ± 46

735 ± 44

721 ± 62

PU3-Polyol

0.00203 ± 0.00001

114 ± 0

983 ± 4

1291 ± 3

1411 ± 4

PU4-Polyol

0.00197 ± 0.00020

111 ± 11

1020 ± 102

1327 ± 99

1451 ± 111

The FP signal (-122.10 ppm; Table 4.5) is missing in the spectrum from the reaction products of FPI
and BDO and a new peak at -122.60 (BDOrp) is observed (Table 4.8). Whilst a Urp signal (urea
formation) was seen for the commercial polyol reaction products (-122.40 ppm; Table 4.5), the BDO
signal was seen for those products (some of which contain BDO). Therefore, when BDO is present
as an extender, formation of the polyol fluorinated reaction (and to a lesser extent urea formation)
is favoured above the reaction of FPI with BDO, to the extent where a signal at -122.60 ppm is not
observed (Table 4.5). Since COH (and therefore Mr) is based on the FP signal integration, the
presence of BDO interfering with the calculation can be ruled out.

Table 4.8

19F

NMR signals from the reaction mixture after reaction of FPI with BDO.

PPG &

Ms

TFT

FPI

A

E

FP

D

BDOrp

H

J

replicate

[mg]

[ppm]

[ppm]

[ppm]

[ppm]

[ppm]

[ppm]

[ppm]

[ppm]

[ppm]

(ITFT=1)

(IFPI x

(IA x

(IE x 10-

(IFP x

(ID x 10-

(IBDO x

(IH x 10-

(IJ x 10-

10-3)

10-3)

3

10-3)

3

10-3)

3

3

-

-

-

-

-

-

-

-

117.13

114.13

120.14

122.31

115.43

122.66

123.36

130.63

(18.9)

(4.4)

(10.7)

(940.0)

(6.3)

(410.0)

(10.6)

(5.2)

-

-

-

-

-

-

-

-

114.11

120.13

122.29

115.42

122.64

123.34

130.61

(3.4)

(7.1)

(930.0)

(6.3)

(590.0)

(10.8)

(6.8)

no.

BDO (1)

BDO (2)

32.6

28.8

-63.06

-63.05

)
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)

)

)

NCO:OH ratio
Next, it is important to determine the NCO:OH ratio, which is also known to have influence on the
properties of cured PUs. This ratio is more important than the simple mass mix ratios of the
isocyanate (a), polyol (b) and extender (c) components, and is defined as:

Equation 4.8

𝑁𝐶𝑂
𝑎𝐶𝑁𝐶𝑂
𝑟𝑎𝑡𝑖𝑜 =
𝑂𝐻
𝑏𝐶𝑂𝐻 + 𝑐𝐶𝑂𝐻,𝐸𝑥𝑡
where COH,Ext = OH content (mmol OH mg-1) in the BDO extender component. This property can be
calculated from the number of moles of BDO in 1 mg of BDO (mBDO) and therefore the number of
moles of OH groups in BDO (mOH,Ext = COH,Ext):

Equation 4.9

𝑚𝑂𝐻,𝐸𝑥𝑡 =

𝑀𝐵𝐷𝑂
0.001
=
= 1.110 × 10−5 moles
𝑀𝑟,𝐵𝐷𝑂 90.12

where MBDO is the mass of BDO (1 mg) and Mr,BDO is the Mr of BDO (90.12 g mol-1).
Since there are 2 OH groups per BDO molecule:

Equation 4.10

𝑚𝑂𝐻,𝐸𝑥𝑡 = 𝐶𝑂𝐻,𝐸𝑥𝑡 = 2 × 1.110 × 10−5 moles = 2.219 × 10−5 moles = 0.02219 mmol mg −1

This assumes the extender is 100 % BDO, which appears to be the case as evidenced from 13C NMR
and FTIR discussed earlier in this chapter.
The NCO:OH ratio for the legacy and replacement PUs can therefore be calculated using Eq. 4.8
(Table 4.9). Note that this property could not be calculated for L1 since the COH of L1-Polyol could
not be determined (due to an absence of the fluorinated product signal at ̴ -122.1 ppm, Table 4.5).
A further property that can be calculated from the CNCO, COH and COH,Ext values is the free NCO
content (CfreeNCO), i.e., the concentration of uncoupled (terminal) isocyanate groups after the
polymerisation reaction has taken place. Since 1 NCO group reacts with 1 OH group:
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Equation 4.11

𝐶𝐹𝑟𝑒𝑒𝑁𝐶𝑂 = 𝑎𝐶𝑁𝐶𝑂 − (𝑏𝐶𝑂𝐻 + 𝑐𝐶𝑂𝐻,𝐸𝑥𝑡 )
The values of CFreeNCO are also summarised in Table 4.9.

Table 4.9 Isocyanate/Polyol mass ratios and calculated NCO:OH ratios of legacy and replacement PUs.

PU

Polyol

Isocyanate

Extender

Isocyanate/Polyol

NCO:OH

CFreeNCO

mass ratio

mass ratio

mass ratio

mass ratio

ratio

[mmol NCO mg-1]

L1

2.2

1

0

0.455

-

-

L2

2.45

1

0

0.408

3.813

0.0054

L3

3.6

1

0

0.278

0.452

-0.0075

PU1

1.16

1

0

0.862

0.599

-0.0026

PU2

2.1

1

0

0.476

0.649

-0.0036

PU3-70A

2.5

1

0.131

0.380

0.698

-0.0024

PU3-95A

1.15

1

0.191

0.746

0.848

-0.001

PU3-75D

0.4

1

0.225

1.6

0.960

-0.0002

PU4-70A

2.467

1

0.141

0.383

0.715

-0.0023

PU4-95A

1.07

1

0.204

0.785

0.861

-0.0009

PU4-75D

0.38

1

0.235

1.626

0.958

-0.0002

L3, PU1 and PU2 have similar NCO:OH ratio values, with L2 having a value ca. 6.5 times greater and
the largest value measured across all systems. This is further realised in L2 being the only PU to
have a positive free NCO content value. It is interesting that across these 4 PUs there is no
correlation between isocyanate to polyol mass ratio and the NCO: OH ratio, proving the importance
of quantifying the NCO and OH content within the components.
PU3 and PU4 have a range of values as different mix ratios are used to vary the hardness of the PU;
to increase the hardness, the isocyanate to polyol mass ratio is increased, increasing the NCO:OH
ratio. This is expected as the increased isocyanate content, creating urethane linkages with the OH
groups on the polyols and chain extenders is responsible for the hard segments which often results
in a harder PU. This corresponds well with the calculated increase in free NCO content.
Negative CFreeNCO values indicate that there is potentially an excess of OH groups, i.e., there are no
free NCO groups. This result can be confirmed by FTIR of the cured PU systems in Chapter 5, through
the absence of a signal for NCO. This means free OH groups are available for bonding to the
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isocyanate-based adhesion promoters, and so might be expected to have a positive effect on bond
strength and adhesive failure mode.
It is important to quantify hydroxyl value, NCO and OH content as well as the NCO:OH ratio as a
few trends are reported in literature. Desai et al. reports with an increase in NCO:OH ratio, the
tensile strength increases 66. In another paper Desai et al. found increased hydroxyl content created
a more highly crosslinked structure, which resulted in an increase in bond strength. As these
properties increased a change in failure mode was observed from cohesive, to a mix of cohesive
and adhesive eventually to the ideal failure mode of substrate 67. Their study reports hydroxyl value
also affects the gel time, with an increase in hydroxyl value decreasing gel time across two different
polyols. They went on to define an optimum NCO:OH, ratio to maximise lap shear bond strength
(Fig. 2.22 and 2.23). Comparisons to these trends will be made in Chapter 7.

ICP-OES results
ICP-OES provides quantification of trace/low concentrations of metal ions in samples and thus
should prove valuable for investigating the use of heavy metals in polyols and other starting
components.
The REACH regulation stipulates five phenylmercury catalyst (phenylmercury acetate,
phenylmercury propionate, phenylmercury 2-ethylhexanoate, phenylmercury octanoate and
phenylmercury neodecanoate) shall not be manufactured, placed on the market or used as
substances or in mixtures after 10th October 2017, if the concentration of Hg in the mixture is equal
to or greater than 0.01 % w/w. This translates to a maximum of 1000 µg g-1 of Hg.
The three legacy PUs which have been discontinued, L1 –L3 polyols, showed a concentration of Hg
ions of 900.2 ± 2.6, 993.1 ± 0.5, and 1165.0 ± 0.5 µg g-1 respectively and very small amounts of Pb.
While two of these values are within the restricted amount, they are near the upper limit and PU
manufacturers have a wide tolerance on the quantity used. While it is a legal requirement for PU
manufacturers suppling the EU to comply with any restrictions and state all SVHC concentrations
on European style materials safety data sheets (MSDS), chemicals under consideration for future
restrictions are not taken into consideration resulting in often misleading and a lack of information
on MSDS. The PU systems considered as replacements were also analysed to ensure they meet the
current regulations and to measure any other heavy metal concentrations.
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Table 4.10 Metal ion concentration of polyols and separate catalyst.

Metal ion concentration of component [µg g-1]
L1-

L2-

L3-

PU1-

PU2-

PU3-

PU3-

PU4-

PU4-

Polyol

Polyol

Polyol

Polyol

Polyol

Polyol

catalyst

Polyol

catalyst

145.7±

4.6±

15.8±

10.9±

40.16±

14.79±

15.4±

9.75±

7.46±

0.9

0.1

0.1

3.0

13.84

3.09

0.1

0.75

0.75

As

-

-

-

-

-

-

-

-

-

Fe

29.6±

0.8±

5.0±

0.7±

10.96±

4.79±

5.5±

5.94±

3.57±

0.2

0.0

0.0

0.1

1.08

0.93

0.1

1.28

1.28

20.7±

8.5±

6.2±

5.4±

-

-

14.9±

0.12±

1.01±

0.0

0.1

0.1

2.4

0.1

0.00

0.17

3.4±

3.4±

4.1±

0.2±

0.03±

0.42±

7.3±

0.20±

0.05±

0.2

0.4

0.4

0.0

0.01

0.00

0.2

0.06

0.00

14.7±

15.4±

17.5±

0.6±

0.48±

0.49±

15.9±

0.71±

0.70±

0.3

0.2

0.2

0.0

0.04

0.12

0.8

0.03

0.03

-

-

-

0.4±

-

-

316.4±

-

242.69±

Al

Zn
Ni
Pb
Sn

0.3

V
Cr

-

-

-

-

-

-

900.2±

993.1±

1165.0±

2.6

0.5

0.5

1.0±

1.2±

1.7±

0.1

0.6

0.6

Bi

-

-

-

Pt

-

-

-

Hg
Hf

-

-

-

0.9
0.11±

0.10±

0.02

0.08

0.25±

0.20±

0.02

0.03

-

-

-

-

2.1±

2.16
0.33±

0.11±

0.00

0.10

0.31±

0.16±

0.02

0.04

-

-

0.7
-

0.32±

0.26±

0.4±

0.35±

0.24±

0.03

0.05

0.3

0.01

0.01

-

-

-

-

-

-

1.3±

0.18±

0.09±

-

0.12±

0.03±

0.1

0.06

0.05

0.04

0.01

A noteworthy concentration of Sn, 316 ± 0.9 µg g-1 and 243 ± 2.16 µg g-1 was found in the respective
catalyst component of PU3 and PU4 confirming information provided in their MSDS. Considering
the percentage addition of catalyst ranges from 0.7 to 1 %, the quantity of Sn used is approximately
a third of the amount of Hg previously used; this is a much safer working level for persons using
these chemicals. In contrast to this, there is no noteworthy metal ion concentration in the polyols
of PU1 and PU2, confirming that none of the metal ions regularly used as catalyst were used in
either of these PU systems. Perhaps these are amine-based catalyst such as DABCO, however, there
were no peaks unique to these two polyols in their respective FTIR spectra to confirm this (Fig. 4.4).
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For completion the polyol component of PU3 and PU4 were also analysed as polyols often carry
catalyst. No noteworthy concentrations of metal ions were found.
As discussed in Chapter 1 at initial patenting stages, Sn was considered alongside Hg as a catalyst
for the ideal PU reaction although disadvantages were noted 51. Hence the amount of Sn used in
the two PTMEG systems is not surprising. The real value of this analysis is being able to conclude
that other than Sn there are no noteworthy concentrations of heavy metals in the replacement
PUs.
One of the drawbacks of using Sn as a catalyst is it is believed to encourage the reaction between
isocyanate and moisture resulting in the formation of urea, while a Hg catalyst is believed to
discourage this reaction 11. This phenomenon is confirmed by combining ICP-OES results (Table
4.10) with 19F NMR results (Table 4.5). The integral of the urea peak for legacy polyols L1-L3 shows
the lowest average urea content of 91.95, 84.5 and 150.8 ppm respectively. Polyols for PU1 and
PU2 with an unknown catalyst have an average urea content of 250 and 260 ppm respectively. PU3
and PU4, which are two systems know to use a Sn based catalyst have an average urea content of
345 and 330 ppm respectively.

Imaging black pigment results
The black pigment used as an additional component in both PU3 and PU4 was imaged using an
optical microscope to determine if the particle size could partially influence the size of the hard and
soft domains to be measured using AFM. Images at x10 and x40 magnification are shown in Fig.
4.16 and 4.17 respectively.
These images show an estimated particle width of a few tens of micrometres which is much greater
than the AFM scanning range used (3.3.2), which is in the region of 1 µm. These images suggest any
hard and soft domains measured are not the result of the black pigment which is frequently added
to commercial PUs to improve UV stability.
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Figure 4.16 Light microscopy image of the black pigment used in PU3 and PU4; magnification x10.

Figure 4.17 Light microscopy image of the black pigment used in PU3 and PU4; magnification x40.

Conclusions
Various analytical techniques have been used in this chapter to analyse the individual components.
Table 4.11 provides a summary of which components and reference materials were analysed by
each technique.
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Table 4.11 Summary of chemicals analysed for each technique in this chapter.

Component/ Technique

FTIR

13

C NMR

19

F NMR

Commercial isocyanates (6)

X

X

X

MDI

X

X

X

Commercial polyols (7)

X

X

X

PPGs Mr 425-4000 g mol-1 (5)

X

X

X

Propylene glycol

X

X

X

Dipropylene glycol

X

X

X

Commercial chain extenders (2)

X

X

X

1,4-butanediol

X

X

X

Commercial catalysts (2)

X

ICP-OES

Imaging

X

X

Commercial pigment

X

In conclusion, FTIR analysis was able to identify which of the isocyanates were prepolymers, confirm
the location, intensity and profile of NCO peaks and showed how the spectra would change as the
isocyanate degrades. FTIR showed similarities between the standards PPG and the replacement
polyols, suggesting the polyols to also be of the PPG type. There was great similarity between the
FTIR spectra for PU3 and PU4 polyols, supporting that they are both PTMEG based polyethers. The
FTIR spectra where metal ions are present, showed a positive peak perhaps the metal ions interfere
with the transmittance of IR waves. FTIR confirmed the composition of the two chain extenders in
PU3 and PU4 are 100 % 1,4-Butanediol and showed unexpectedly great similarities between the
catalyst for these two PUs.
13

C NMR of commercial isocyanates compared to MDI allowed the identification of key peaks and

by elimination, the identification of peaks corresponding to other components listed in MSDSs,
these results also suggest L1-ISO contains MDI oligomers due to similarities to L2 and L3 ISOs. Due
to the simplicity of the BDO molecule, signals for the presence of BDO could be identified in L1, PU1
and PU2, but not in any of the other polyols confirming that this chain extender is not present as
was suspected for the other two legacy polyols (L2 and L3). Finally 13C NMR provided a qualitative
indication of the type of polyol present: PPG (due to the presence of pendent methyl groups) in L1L3 and PU1 –PU2. These results correspond well with FTIR analysis except for in the case of PU4
which showed very few peaks in 13C NMR.
19

F NMR of commercial isocyanates allowed the calculation of CNCO based on the integral of a

fluorinated product peak as the result of reacting isocyanates with a fluorinated alcohol in the
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presence of excess isocyanate. As expected, MDI had the highest concentration of NCO while the
prepolymers had the least. A series of PPG polyols with a known hydroxyl value and Mr were used
to support a similar analysis of the commercial polyols. A fluorinated isocyanate reacted with the
polyols and the integral of the product peak was used to calculate COH, hydroxyl value and Mr. Mr
actual values were extrapolated

from the PPG analysis line equations. These values, one using COH and

the other using hydroxyl values were in agreement within 10 %. This data allowed the calculation
of NCO:OH ratio based on the concentrations calculated of each component and the mix ratios
given. From this, free NCO content was calculated; all values except that for L2 were negative
suggesting an excess of hydroxyl groups.
PU3 and PU4 were very similar based on all analysis techniques used in this chapter making it quite
surprising that no peaks were observed for the PU4-Polyol during 13C NMR. While every effort was
made for consistent sample preparation this polyol is solid at ambient temperature and this could
have affected the result.
ICP-OES was overall a very effective technique to quantify metal ion concentrations. The amount
of Hg in the legacy polyols was in keeping with expectations as this product has been discontinued
due to REACH restrictions. The substitute of Sn as a catalyst was not surprising as it was considered
at early patenting stages. It is interesting to note the lack of metal ions in any of the replacement
polyols. Analysis to understand the catalysts used in these systems would be worthwhile as this will
reduce the amount of urea formed.
These techniques complement each other in numerous ways; for example, FTIR of isocyanates with
a double trough in the OH region and 13C NMR with polyether signals in the region of 70 - 20 ppm
confirm PU1, PU3 and PU4 are prepolymers. ICP-OES and 19F NMR of polyols, complement each
other in that the PU systems with a known Hg catalyst had the least urea formation while the
systems with Sn had the largest. And finally the scale of the black pigment images provides
verification that the black pigment where present, does not overtly influence the hard and soft
regions imaged using AFM.
It is important to quantify these properties as they could directly affect mechanical, thermal and
physical properties and a few predictions can be made.
As the NCO content increases the ratio of hard to soft segments and phase separation will increase
82

. An increase in phase separation should show a larger clarity between the two decomposition

temperatures measured by TGA 76. Also as the NCO:OH ratio increases, there would be an increase
in urethane functional groups, resulting in decreases initial thermal stability as these break down
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first in thermal decomposition. This ratio increase may also affect the presence and clarity of a
second Tg measured by DSC 82.
With regards to bond strength, it can be hypothesised that as the amount of free NCO decreases in
the overmould PU, the bond strength will increase; as the adhesion promoters used are a mix of
isocyanates which will readily react with the excess OH. According to studies by Desai et al. and
Kim et al. increasing the hydroxyl number results in an increase in bond strength,

67, 93

with the

NCO:OH ratio affecting the type of bond failure ( cohesive, adhesive or a mix).
However, with all these points the type of polyol may be more of an influence. The properties of
the cured polymers will be analysed in the next chapter.
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5 Chapter 5: Results, characterisation of cured PU

5.1 Introduction
This chapter details the characterisation results of the 11 cured PUs, (three legacy L1-L3 and four
replacements PU1-PU4). The three legacy PUs have been used by Teledyne-Impulse-PDM for more
than 25 years. L1 is the largest volume used internally, mainly for final overmoulding and large
mouldings (more than 8 kg) also occasionally for backpotting. The second largest volume used
internally is legacy PU, L3 most frequently used for backpotting; this PU is also used in large open
cast (large open surface area) moulding due to the aesthetically pleasing (mirror) finish produced
and ease of curing in ambient conditions. Overall this is the largest volume used per annum as large
quantities were exported to other Teledyne sites. Legacy PU, L2 is the lowest volume used per
annum but has unique properties, such as low viscosity 570 mPa s at 25 °C, readily cures at ambient
temperatures, has great elasticity and is also the softest of the 3. L2 has a low surface tension and
bonds quite readily, hence this PU was often used on difficult to bond to surfaces such as polyolefin
sheathed cables, backpots with intrinsic details which require a PU with low viscosity to flow easily
into cavities and over mouldings that require more flexibility. Due to ease of use L2 was also used
for off-site mouldings, i.e. in field repairs to split cable.
One of the goals of this research is to replace all legacy PUs with one PU, which best meets all
requirements. To achieve this 20 PUs were considered; for publishing purposes these have been
reduced to 4 suitable replacements for comparison.

5.2 AFM imaging results
AFM was carried out as described in section 3.3.2. To review the results on a 1 µm2 scale (Similar
scale to that used by Sakamoto et al.54), topography images with a green hue were overlaid on
phase images in a red hue; this is a clear way to show any correlation between features in the same
region. Phase images reveal the change in viscosity and adhesion properties of the sample’s surface,
bright and dark areas relate to changes in phase responses with harder regions showing bright
(lighter in colour) due to a higher phase angle shift 54. Using PU samples up to a thickness of 0.5 cm,
AFM successfully showed a mix of bright and dark regions on the phase image; the overlaying of
images showed that the location of the different phase regions did not correlate with topographic
features in any of the PUs.
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Figure 5.1 Topography image superimposed on a phase image for L1.

Figure 5.2 Topography image superimposed on a phase image for L2.
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Figure 5.3 Topography image superimposed on a phase image for L3.

Figure 5.4 Topography image superimposed on a phase image for PU1.
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Figure 5.5 Topography image superimposed on a phase image for PU2.

Figure 5.6 Topography image superimposed on a phase image for PU3 -70A.
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Figure 5.7 Topography image superimposed on a phase image for PU3-95A.

Figure 5.8 Topography image superimposed on a phase image for PU3- 75D.
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Figure 5.9 Topography image superimposed on a phase image for PU4- 70A.

Figure 5.10 Topography image superimposed on a phase image for PU4-95A.
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Figure 5.11 Topography image superimposed on a phase image for PU4- 75D.

The legacy PUs all have hard domains of similar size (L2 possibly larger) and distribution within the
copolymer matrix (Fig. 5.1-5.3). PU1 and PU2, have hard domains which are greater in both quantity
and size than the legacy PUs (Fig. 5.4 and 5.5).
Any correlation between physical hardness of the PUs and phase separation of hard and soft
domains across a series of different hardness was monitored for PU3 (Fig. 5.6-5.8) and PU4 (Fig.
5.9-5.11). The monomers/ components remained the same but the mix ratio changed to produce
samples at 70A, 95A and 75D, Shore hardness. PU3-70A has a few large and widely separated hard
domains; PU3-95A has some (< legacy PUs) hard domains (similar size as legacy PUs but sparser);
PU3-75D has many large hard domains (> legacy PUs). These observations suggest that the size and
number of hard domains increases with hardness.
PU4-70A has no phase separation; PU4-95A has a similar distribution of hard domains as (and
slightly larger than) legacy PUs; PU4-75D has no phase separation and does not following the
pattern of PU3 series (i.e., in this case, size and number of hard domains do not increase with
hardness). This is surprising considering the similarities in chemistry reported in chapter 4.
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These data suggests a thin film is not required to capture different phases in PU. This also confirms
that different phases are present. This is important because the presence of phases could help to
explain thermal and mechanical properties also measured.

5.3 FTIR results
FTIR was carried out on the 11 cured PU samples. During analysis some limitations were observed
which could affect the spectra. Firstly, the samples used were of varying thickness. Secondly, when
measuring solid samples, a force is applied using a press to ensure contact is made; this is done
manually until a reading is observed, and as a result the pressure applied could vary between
samples.
The spectra are all similar with the characteristic signals expected of a polyether-MDI polyurethane
(Fig. 5.12) 136. Aromatic C-H stretch troughs (3100-3000 cm-1), expected due to the MDI aromatic
ring, were not seen in the spectra. It may be that these are weak compared with the C-H aliphatic
troughs. Present on the spectra is a broad peak for N-H stretching at ̴ 3300 cm-1 highlighted in
yellow, C-H (aliphatic) stretch at ̴ 2940 to 2780 cm-1 highlighted in red with further peaks at 1
̴ 480,
1413 and 1365 cm-1. A sharp intense peak for C=O at 1
̴ 700 to 1715 cm-1 highlighted in green was
also present, as was the aromatic C=C found in the MDI at 1
̴ 600 cm-1. The secondary amide formed
as a result of the NCO-OH reaction shows at

1̴ 530 cm-1; this is a fundamental sharp peak,

highlighted in the grey region. The vibration aromatic secondary amide C-N is shown at 1̴ 310 cm-1
and –C-O-C stretching at 1̴ 220 cm-1. At 1100 cm-1, another characteristic peak is observed for C-O
stretching, highlighted in blue. This peak is the result of NCO forming a urethane link as suggested
in the FTIR spectra of the ‘degraded’ isocyanates in chapter 4 (Fig. 4.3) with a similar trough profile.
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Figure 5.12 The chemical structure of a typical polyether-MDI PU.

Interestingly none of these spectra show unreacted NCO, which would appear at 2250 cm-1. This
correlates with the 19F NMR results in Chapter 4 (section 4.3.3, Table 4.9), which showed no free
NCO content.
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Figure 5.13 FTIR spectra of the 11 cured PUs.
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The FTIR spectra of the cured PUs show great similarity between L1-L3, PU1 and PU2. This is most
likely due to the similarity in starting chemistry shown in Chapter 4, particularly the starting polyol
being a PPG. Similarities are also noted between the varying hardness’s of PU3 and PU4 which both
use a PTMEG polyol: there is a trend in the C-H (aliphatic) stretching region 2940 to 2780 cm-1 and
the N-H stretching region at 3300 cm-1. The hardness increases as MDI and BDO content increases
and the polyol content decreases, causing an increase in the frequency of urethane functional
groups. This correlates well with the increase in signal intensity for N-H stretching as hardness
increases in each series of PU3 and PU4. The C-H (aliphatic) stretching intensity increases as
hardness decreases, consistent with increase polyol content in these PUs.
One of the key goals of this research was to uniquely identify the PUs and understand how similar
their chemical structures are to each other and the legacy counterparts (Fig. 5.13). These data will
be invaluable should any of the replacement PUs become obsolete.

5.4 Thermal analysis results
This section details the results of thermal analysis techniques TGA and DSC providing information
on degradation temperatures, amount of inorganic matter remaining and thermal properties such
as Tg and Tm.

5.4.1 TGA
To quantify decomposition temperatures, monitor any relationships and similarities to the legacy
PUs, TGA analysis was undertaken. This technique also provides information on any residual
moisture and residual mass after decomposition (Table 5.1).
Table 5.1 Decomposition temperatures for the 11 cured PU systems.

PU name
L1
L2
L3
PU1
PU2
PU3-70A
PU3-95A
PU3-75D
PU4-70A
PU4-95A
PU4-75D

Decomposition
temperature 1 [°C]
310
275
316
329
319
313
303
294
316
310
305

Decomposition
temperature 2 [°C]
376
366
389
400
381
402
414
416
413
408
428
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Residual mass at 800 °C
[%]
8.5
7.6
32.4
6.2
8.4
3.1
6.5
11.1
4.0
6.7
9.9

L1
L2
L3

Figure 5.14 TGA thermogram for legacy PUs L1, L2 and L3.

PU1
PU2

Figure 5.15 TGA thermogram for replacement PPG based PU, PU1 and PU2.
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PU3-70A
PU3-95A
PU3-75D

Figure 5.16 TGA thermogram for PU3 -70A, 95A and 75D.

PU4-70A
PU4-95A
PU4-75D

Figure 5.17 TGA thermogram for PU4 -70A, 95A and 75D.

All PUs showed a bimodal profile (Fig. 5.14 -5.17) with two clear separate decomposition steps. This
confirms that there are clear separate hard and soft domains as also suggested by AFM earlier in
this chapter. The first decomposition temperature is associated with the hard domains (urethane
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links with isocyanate and chain extender) and the second with the soft domains (polyether chains).
The first decomposition temperature is approximately 308.1 ± 13.6 °C across all PUs; the second
decomposition temperature is approximately 399.2 ± 18.2 °C. These values confirm that the
replacement’s decomposition temperatures are in the same range as the legacy PUs.
Interestingly, in PU3 and PU4 where the hardness is increased by increasing the isocyanate and
chain extender content in comparison to the polyol content, there are trends in the decomposition
temperatures. This is expected based on the change in compositional ratio and relationship of the
same with each decomposition mode; i.e. as the isocyanate and chain extender content increases
(which decomposes first), the first decomposition temperature decreases 76. This is because the
more of these groups present, in the same mass, the less overall heat required to cause
decomposition.
The residual mass at 800 °C shows the amount of inorganic matter that has not decomposed in N2
when heated to 800 °C. This also shows a trend in the increasing hardness of PU3 and PU4: as the
hardness increases the amount of residual mass also increases. This suggests a relationship
between inorganic matter and the quantity of urethane functional groups or the quantity of chain
extender and isocyanate in the cured product. The residual mass in L3 (32.43 %) is surprising and
far exceeds any of the others, no unique chemicals are listed in the MSDS and there are no unique
signals in the FTIR spectra. However, in the technical data sheet this PU is described as ‘filled’, this
could account for the residual mass. Only hazardous materials are listed in section 3 of MSDSs and
a filler is unlikely to be hazardous, e.g. silica.

5.4.2 DSC
Two separate sets of two heating cycles were carried out on each PU to measure Tg, Tm and monitor
any other thermal events. Based on literature and the bimodal TGA data presented in section 5.4.1,
two Tgs and Tms were expected for each PU
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. However, the results were not conclusive or

comparative and more work is needed to set working parameters as these results are sensitive to
heating, cooling rates and environment (gas) the test is carried out in. Nevertheless, it can be
concluded that all PUs under investigation are thermoplastic. The results shown in Table 5.2 are
noteworthy signals taken from the second DSC data set with the method described in chapter 3
(section 3.5.2); values from both heating cycles in this data set are presented.
Values taken as Tg are confirmed as such, as they repeat in a similar region in the second heating
cycle. Obvious Tgs are presented for legacy PUs, L2 and L3 with the latter showing two separate Tgs
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(Fig. 5.18). Of all the PUs tested L3 had the greatest separation between the two decomposition
temperatures in TGA (Fig. 5.14); this or the large residual mass could account for the lack of a
defined Tm. Although the samples were cooled down to -60 °C, no other PUs show a Tg. While highly
unlikely, this could be because the Tg is lower than -60°C. It is worth noting that on the previous run
where the samples were cooled down to -40 °C, only L2 and L3 showed Tgs, with peaks at -13.93
and -6.62 °C, respectively. These are similar to values shown in Table 5.2, providing further
confidence in the results.

1st run
2nd run

Figure 5.18 DSC thermogram for L3 showing 1st and 2nd run.

A Tm is expected if crystalline areas are present in the polymer. In PUs, this is represented by hard
segments in amorphous (soft) regions (Tm1) and hard regions (Tm2) 17. Values presented in the Tm1
and Tm2 columns are presented as melting temperatures because these values are in the region of
expected Tm, 18.
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Table 5.2 DSC results for the 11 cured PUs, 1st and 2nd run.

PU
name
L1

L2

L3

PU1

DSC
Run

Tg1

Tg2

Endothermic

Exothermic

Tm1

Tm2

[°C]

[°C]

events [°C]

event [°C]

[°C]

[°C]

1st

169

2nd

175

1st

-0.1

2nd

-10

1st

-11

16

2nd

-13

14

198

1st

168

2nd
PU2

1st

172

2nd

177

PU3-

1st

70A

2nd

PU3-

1st

82

148

166

95A

2nd

73

151

171

PU3-

1st

91

178

204

75D

2nd

89

178

PU4-

1st

73

136

205

70A

2nd

PU4-

1st

67

149

168

95A

2nd

69

PU4-

1st

64

75D

2nd

92

71

156

174

130

178

207

181

203

Data on PU3 and PU4 is thought-provoking because endothermic (heat absorbing) events are
recorded in the region of 65-90 °C. This is important because in use, in the oil and gas industry PU
can be exposed to similar temperatures. These values could be the start of the polyol chains melting
but does not follow a trend with decreasing polyol content. The exothermic event noted in PU475D at 130 °C (Fig. 5.19) is often associated with crystallinity. It is unclear whether this is a true
result or the result of the thermal history as it appears in the second heating cycle.
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1st run
2nd run

Figure 5.19 DSC thermogram for PU4-75D, showing 1st and 2nd run.

The DSC results do not completely align with literature as Tgs are expected hence, more work is
required to fine tune test parameters. Where Tm values are present, they are high enough to not
be detrimental in the end use application. However, the endothermic events between 65-90 °C in
PU3 and PU4 could potentially be problematic. DSC analysis is important because it covers the
temperature range the PU is likely to experience in use. Some polymers behave differently
depending on whether testing is carried out above or below the Tg. Understanding where this value
lies helps to determine if the state of the material is influencing the mechanical properties.

5.5 Mechanical properties
Tensile strength, elongation at break and bond strength are fundamental properties in a CCA; these
results will be evaluated in this section.

5.5.1 Tensile testing
While the PU is unlikely to experience a tensile load for an extensive period or until failure in a CCA
application, tensile strength and elongation at break are well understood and characterised PU
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properties. The data in Table 5.3, show these properties for the legacy PUs and the 4 PUs trialled
to replace them, tested to BSI ISO37.

Table 5.3 Tensile strength and elongation at break of the legacy and repacement PUs.

PU name

Tensile strength [MPa]

Elongation at break [%]

L1

18.91 ± 1.12

649.08 ± 35.34

L2

14.46 ± 2.26

601.84 ± 65.55

L3

13.48 ± 0.99

571.83 ± 40.93

PU1

14.28 ± 1.24

598.43 ± 58.17

PU2

11.632 ± 0.36

510.79 ± 8.43

PU3-70A

44.67 ± 0.64

1201.69 ± 9.49

PU4-70A

26.40 ± 5.36

1114.15 ± 90.15

These properties are a good indication of the polymer’s inherent strength and elasticity. The legacy
PUs have an average tensile strength of 15.61 ± 2.36 MPa and an elongation at break in the region
of 607.58 ± 31.80 %, which form baseline figures of an acceptable minimum. As expected, there is
a stark contrast between the measured tensile properties of the PPG-based PUs in comparison to
the PTMEG-based PUs. This is because the latter have an inherent higher tensile strength; believed
to be the result of a low oxygen content in the polyether chain which results in difficulty in inducing
chain rotation 137. The PPG-based PUs, PU1 and PU2 are slightly below the target figure of 16 MPa,
while the PTMEG polyols far exceed it. An increase in strength would not be detrimental to a CCA
but a reduction in strength could be. Also a higher starting figure allows for degradation during use.
Some flexibility is required in a final overmould, as the PU is tapered to the cable sheath as a bend
restrictor. This allows distributing the force between the PU overmoulding, cable sheath and the
joint when a CCA is bent. Without this flexibility the PU overmoulding will remain rigid resulting in
the joint and cable sheath experiencing the full force when bent or manipulated. It is currently
unclear whether doubling the elongation at break will be detrimental in this application. The flexible
linear structure of the PTMEG is believed to be the cause for an increase in elongation at break 138.

5.5.2 Bond testing
As L1 nor L2 have been used in open cast mouldings, there was not a need to measure how well
this PU bonds to itself. This benchmark is set by L3. Also how well L2 bonds to metal was not a
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necessary piece of information as this PU is most often used with difficult to bond to polymeric
surfaces such as polyolefins.

Table 5.4 Bond strength results to various substrates.

PU name

Bond

strength Bond strength to Bond

to

to 316L SS

itself

sheathed cable

[N mm-1]

[N mm-1]

BTS /10

L1

18.47 ± 0.28

N/A

10.00 ± 0.00

L2

N/A

N/A

10.00 ± 0.00

L3

8.88 ± 0.81

6.80 ± 0.38

10.00 ± 0.00

PU1

14.00 ± 0.27

12.05

9.00 ± 0.71

PU2

13.84

14.54 ± 1.59

7.50 ± 0.5

PU3-70A

19.53 ± 0.34

19.60 ± 0.75

10.00 ± 0.00

PU4-70A

20.94 ± 1.92

18.06 ± 1.28

10.00 ± 0.00

PU

Connectors in CCAs have a metallic back-shell which holds the solder buckets; this is most often
316L SS. Hence, successfully bonding and maintaining the bond to 316L SS is crucial to the
functionality. The other end of the assembly is a bond of the PU overmould to the cable sheath. In
between these two regions there is often a need to bond the PU to itself normally as a backpot.
Successful bonds prevent the ingress of water to the electrical joint which will result in an electrical
fault or dead short, hence, bonding is a crucial part of the integrity and durability of a CCA. Bond
strength to 316L and PU to itself is measured as peel strength using BS ISO 813. There is not an
applicable international test standard to measure how well overmoulding PUs bonds to a PU cable
sheath. For this study as has been the custom at Teledyne-Impulse-PDM for over 15 years, a Bond
Test Score (BTS) is given: the score is on a range of 1-10; 1 being a very poor bond and 10 an
excellent bond. Further information of how each score is rewarded can be found in the
methodology section 3.6.2.3.
The higher the peel strength or bond score the greater the force required to separate the two
materials. So, a bond strength greater than that achieved by the legacy PUs would be beneficial to
the CCA. This is because in application, the CCA can experience large cyclic pressures which could
shear a weak bond. As with other mechanical properties, a higher starting value allows greater
room for degradation in use.
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Overall L3 has a poor peel strength to itself and 316L SS, in comparison to the other PUs tested.
This could be due in part to the characteristic lower tensile strength of this PU. However, L3 does
show strong bonds to PU sheathed cables suggesting the strength of the PU, polyol and isocyanate
type and concentrations are not the only properties to affect the overall bond strength. This is
further confirmed by PU2 which has the lowest tensile strength of all the PUs with a poor bond to
PU sheathed cable but an acceptable bond to itself and 316L SS.
In practice, results suggest the cure profile could also influence bond strengths. As detailed in
section 1.3.2.4, removing of the Hg catalyst affects the curing profile. An increase in the
polymerisation reaction time with a non-Hg catalyst was found to cause the PU, as it cures and
shrinks, to pull away from the substrate being bonded to (Fig. 5.20). This is also depicted in Fig. 1.12
where a non-Hg catalyst results in a gradual reaction, longer polymerisation time and longer time
to reach gel point. The polymerisation time is much faster with a Hg catalyst as the kinetics is such
that the reaction is retarded momentarily then very rapid. This is part of the novelty of this research.
Perhaps Hg as a catalyst lowers the activation energy drastically. This explains why the legacy PUs
with low mechanical properties but containing an Hg catalyst still present strong bonds to cable.

Figure 5.20 An example of a non-Hg PU curing away from substrate it is being bonded to.

There is little data available in literature for bond strengths of PU to substrates, but some data are
available for using PU as an adhesive. For example, the maximum measured lap shear strength
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using PU as an adhesive for bonding wood to itself was 6 N mm-2 67. In another study where PU was
bonded to aluminium, the bond strength was measured using an indentation debonding technique
and values < 8 N mm-2 were achieved 93. Due to lack of available data in literature, for bonding to
316L SS, the legacy PU, L1’s peel strength will be used as a minimum acceptable value and for
bonding to itself L3’s peel strength will be used. Replacement PU1 and PU2 show similar values for
bond strength, which is interesting because they have similar chemistry and reaction rate profiles,
however, these values are below that of L1. PU3 and PU4 show similar values and are similar to
that of L1, making PU3 and PU4 more suitable replacements in comparison to PU1 and PU2 in terms
of bond strength.
Other factors that could affect the bond strength measured are the adhesion promoter selected as
well as the technique used to measure bond strength. As suggested by Maclure et al., some
techniques used to measure bond strength inherently also measure the strength of the PU 92. While
every effort is made to apply the force perpendicular to the bond line this is not always achieved.
Bond strength is a complicated material property, shown in this study to be dependent on the
inherent strength of the PU and cure profile which are in turn dependent on the composition of the
PU and catalyst used. This property is the only one in this study, which is not based entirely on the
PU, but is rather a combination of the reaction between the PU and another substrate as such it is
also dependent on the preparation of the substrate and the adhesion promoter used. This property
is included as it is crucial to the functioning of the CCA.

5.6 Physical properties
Physical property results discussed in this section are hardness, mass change and compression set.

5.6.1 Hardness
Hardness was measured using a handheld Shore A durometer. The durometer was manufactured
to meet BS ISO standard 7619 and ASTM D2240. Results (Table 5.5) show the expected shore
hardness as provided by the PU manufacturing company followed by a measured value; these
figures are an average of 4.
The measured hardness of the legacy PUs ranges from 70 to 85 Shore A and are all in keeping with
the expected values. On the other hand, this is not the case for PU4 which is consistently greater
by 5 Shore A. Achieving expected hardness values is as an indication of a completely cured PU.
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While this property cannot be reliably correlated to any others, it is useful to know. To this end,
there is no target figure of hardness for this application, but it is believed a value between 70 - 85
Shore A would be most suitable.
Table 5.5 Initial Shore hardness values for the legacy and replacement PUs.

PU name

Expected shore hardness [A]

Measured Shore hardness [A]

L1
L2
L3
PU1
PU2
PU3-70A
PU4-70A

85
70
80
85
85
70
70

85.75 ± 0.83
70.7 ± 1.30
79.00 ± 0.71
83.75 ± 0.43
87.5 ± 0.47
70.25 ± 1.30
75.25 ± 0.43

5.6.2 Mass change
The mass changes, measured in accordance with BSI ISO 62, of the legacy PUs L1, L2 and L3 were
2.52 ± 0.02 %, 0.83 ± 0.01 % and 0.82 ± 0.00 %, respectively, and for PU1 2.43 ± 0.04 %, PU2 2.57 ±
0.07 %, PU3 at 70A 1.45 ± 0.02 % and PU4 at 70A 1.38 ± 0.015 % (Fig. 5.21). These values are
recorded in the first 24 h of exposure; measuring the mass change of the legacy PUs provides a
baseline figure. A mass change ≤ 2.5 % is in keeping with expectations for a commercially available
polyether-based PU 102.

Figure 5.21 Percentage mass change for the legacy and trialled replacement PUs.
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It is interesting that the two PUs with the lowest mass change are also the two which presented a
Tg in the DSC analysis. It is worth noting that on average the legacy, Hg containing PUs have a lower
water absorbency. This could be the result of the unknown filler or due to the presence of the Hg
catalyst discouraging a reaction with water. PU1 and PU2 have similar absorbency properties to L1
with the PTMEG-based PUs (PU3 and PU4) presenting the lowest water absorbency of the trialled
replacements. Polyether polyol-based PUs are expected to show the largest hydrolysis resistance
of all PU polyol types. Of the polyether subcategories, PTMEG polyols are expected to show greatest
resistance to absorbing water. This is due to the hydrophobic nature of the PTMEG content
meaning these results are in keeping with theories presented in literature

138

,

103-105

. Understanding

mass change within the first 24 hours of immersion is important for a sub-marine application,
where the ingress of water would behave as an electrical conductor.

5.6.3 Compression set
Table 5.6 shows the initial compression set values for L3, and 3 of the trialled replacements (PU2,
PU3 and PU4). Compression set and electrical properties were measured by Teledyne-Scientific. L3
was chosen as the legacy PU for evaluation as overall this was the largest quantity used
internationally. It was used by Teledyne-Impulse (San Diego) in the manufacture of completely
polymeric connectors, and locally for backpotting connectors to provide insulation resistance, for
large open poured and final overmoulding. This means of all the legacy PUs, L3 has the most uses.
Similarly, PU2, PU3 and PU4 were short listed for commercial reasons. PU1 was being exclusively
developed as a cure at ambient temperature system. This was not ideal as the remit was to replace
the PUs with a readily available single PU product. PU2 is also being considered by TeledyneBowtech (Aberdeen) as a suitable alternative for the marine industry.

Table 5.6 Percentage compression set of legacy PU, L3 and trialled replacements.

PU name

Compression set at 65 °C/ 72 h
[%]

L3

85.6

PU2

82.0

PU3-70A

35

PU4-70A

34.1
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Compression set is a very useful measurement as it is an indication of a material’s resilience to a
compressive force. This is highly relevant as a stressor in this industry, as at great depths or in
pipelines the assemblies will experience a compressive force in the form of large pressures. On
multiple deployments, this becomes a cyclic stressor which requires a resilient PU. The compression
set for the legacy PU is very high. This shows that after the removal of the compressive force the
material remained permanently deformed by 85.6 %. This is a poor result, with PU2 also showing a
similar value. PU3 and PU4 have similar compression set values and are in keeping with values
expected of a high performance PTMEG-based PU.

5.7 Electrical properties
It is crucial to quantify each material’s behaviour as an electrical insulator and resistance to break
down; this is done by measuring volume, surface resistivity and dielectric strength.

5.7.1

Volume and Surface resistivity

Volume resistivity for legacy PU, L3 and three of the trialled replacements PU2, PU3 and PU4 are
given in Table 5.7. All values for replacement PUs are in the TΩ cm range and exceed the value for
the legacy PU with PU3 having a marginally higher value. All PUs show excellent volume resistivity
by industry standards and are in keeping with values reported in literature 32. Industry standards
dictate that a polymer used to provide insulation resistance is no longer effective when the value
of IR measured using a connector falls below 2 x 108 Ω with the ideal volume resistivity for the
standalone insulative material being a minimum of 1 x 109 Ω cm. With this in mind, all values shown
here are acceptable for the application of a CCA.

Table 5.7 Volume and surface resitivity of legacy PU, L3 and trialled replacements.

L3
Volume resistivity 0.62

PU2

PU3-70A

PU4-70A

5.8

8.5

6.9

2.50 x 102

2.17 x 105

7.10

[TΩ cm]
Surface

resistivity 2.07 x 102

[TΩ]
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Table 5.7 also shows the surface resistivity values, in comparison to L3, PU2 and PU3 marginally
exceed it. PU4’s lower surface resistivity is surprising, but worth noting it is in the TΩ range and
hence in keeping with industry expectations. Surface resistivity is important, especially where a PU
is used to backpot, current could track across the surface of the potting between cores.
These are very good starting figures and overall PU3 has the superior resistivity values. However,
it is essential to monitor deterioration of this property in the end use environment; this will be
covered in Chapter 6.
The results for volume and surface resistivity suggest that electrical properties are influenced by
more than the starting chemistry; there is no pattern between the PPG or PTMEG systems. This
property may be equally influenced by the manufacturing process and curing of the final product.

5.7.2 Dielectric strength
As manufactured, dielectric strengths are detailed in Table 5.8.

Table 5.8 Dielectric strength of legay PU, L3 and trialled replacements.

Dielectric strength [MV m-1 ]
L3

PU2

PU3-70A

PU4-70A

20.87

19.69

20.91

9.45

The higher the dielectric strength the more resistant the material is to break down in an electric
field under ideal conditions, this is also known as breakdown potential. Crompton, describes low
dielectric strength in a polymer as ranging from 10-19, intermediate as 20-40 and high as >40 MV
m-1 139. For comparison, dielectric materials toughened glass and porcelain have measured dielectric
strengths of 135 and 20 MV m-1 , respectively
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, while that of a commonly known material,

diamond, is 100 MV m-1 141. The values measured in this study show, replacement PU2 and PU3
have similar dielectric strengths to the legacy PU (L3); PU4 is 50 % less, falling into the low dielectric
strength category.
Based on these three electrical properties of the cured PUs, PU3 appears to be the most suitable
replacement.
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5.8 Conclusions
This chapter focuses on the characterisation of the cured PUs, exploring the surface through AFM
imaging, the chemical structure through FTIR and monitoring thermal, mechanical, physical and
electrical properties using a range of techniques.
AFM was successfully used to image the cured commercial PUs whereas in literature thin films or
nanofibers were always used. The AFM phase images showed features which did not correlate with
the topography images confirming a separation of hard and soft phases. FTIR spectra confirmed
there was no free NCO groups in the cured product as also shown in the 19F NMR calculations. The
bimodal profile for all PUs on the TGA thermograms supports the separation of phases shown in
the AFM images. TGA analysis provided data on comparable decomposition temperatures between
the legacy and trialled replacements. DSC results were inconclusive, and more work is required to
define test parameters; clear Tgs were only apparent for legacy PUs L2 and L3 and Tm values were
not always clear. Data suggesting endothermic events between 65-90 °C for PU3 and PU4 could
potentially be problematic for use in this application.
Mechanical properties: tensile strength and elongation at break were measured, with the
replacement PUs compared to the legacies. As expected, there was a large difference between the
PPG and PTMEG systems for both properties. Tensile strength and elongation at break were
approximately doubled for the PTMEG systems; this is believed to be due to less oxygen in the
polyether back-bone making it difficult to allow chain rotation. Measuring bond strength to various
substrates is crucial to the functionality of a CCA. Where international standards could not be used,
company proprietary inspection charts were used. Numerous factors appeared to affect the bond
strength from the polyol type, catalyst type (reaction rate) and tensile strength of the PU. The latter
property had the greatest effect on bond strength to the rigid 316L SS surface and reaction rate/
catalyst had the greatest effect on bonding to other polymeric surfaces. This could partially be due
to the metallic stainless-steel surface also heating up in the overmould process encouraging the
exothermic reaction. Overall the PTMEG-based PUs provided the best bond strength values.
Physical properties: hardness, mass change and compression set were also evaluated in this
chapter. Hardness measurements provided data that showed the PUs were completely cured. Mass
change values after immersion in distilled water for 24 hours similar to bond strength results appear
to be influenced by more than the starting polyol chemistry. While the legacy PUs L2 and L3 both
have a PPG polyol (19F NMR and polyol FTIR), they had similar Hg content for the catalyst (ICP-OES),
similar hard to soft phase ratio and distribution (AFM) with a very low water absorbency; L1 which
also has these attributes has a much higher water absorbency. L1’s value was like that measured
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for the other PPG polyol PUs, PU1 and PU2. It is worth noting that L2 and L3 both showed a Tg and
L3 is stated to contain a filler; these factors could influence the hydrophobicity of the PUs. Some
consistency is observed across the 2 PTMEG-based polyols (PU3 and PU4), which showed an
intermediate level of water absorbency. These similarities were again evident in the compression
set values, with L3 and PU2 showing a compression set of 85.6 and 82.0 % respectively, and PU3
and PU4 measuring compression sets of 35 and 34.1 % respectively. Hence, while the nano and
microstructure may be similar, the macrostructure could be influenced during the curing altering
the degree of crosslinking within the final product. This suggests that for consistent results a
constant manufacturing process is required.
Dielectric strength, surface and volume resistivity were measured for L3, PU2, PU3 and PU4. While
the volume resistivity of all 3 replacements exceeded that of the legacy PU, there did not appear to
be any correlation with the PU type. This is similarly the case for surface resistivity, except that of
PU4 which did not exceed that of the legacy PU (L3). While all values are acceptable and in keeping
with expectations for PU, these values could be heavily dependent on processing techniques. This
is further supported by the low dielectric strength value for PU4, coupled with PU3 (being doubled)
having the highest value.
Understanding the initial values and relationships between each property is essential for
monitoring the degradation of the PUs in an ALT environment. This will be considered in the
following chapter, Chapter 6.
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6 Chapter 6: Durability

6.1 Introduction
Mercury and its compounds are extremely toxic to wildlife, ecosystems and humans 1. The RoHS
directives, REACH regulation and amendments aim to reduce the levels of mercury in the
environment 7, 9. One of the major inputs of mercury into the environment was considered to be
mercury catalysts in PUs. It is reported that the concentration of mercury in a final cured PU was
about 0.2 %, with a total of 20-35 tonnes mercury in catalysts being used in PU elastomers on the
EU market. The major applications include pipe jointing, corrosion protection and non- skid surfaces
in the sub-marine industry. Mercury catalysts in PU is of great concern as, by definition of a catalyst,
it is not used up in the reaction and over time especially in harsh environments the polymer is
broken down and the mercury released. Many alternative catalysts have been developed which
reflects the fact that there is not a drop-in substitute. As described in chapter 1, mercury catalysts
have been found to affect the reaction profile and encourage the formation of urethane functional
groups. Hg containing PUs, are generally referred to as ‘forgiving’ and through this research has
shown to also affect the bond strength to various substrates. What is left to understand is whether
the removal of organic mercuric compounds as catalyst negatively affects the durability of PUs for
use in CCAs.

6.2 Failure mechanisms of a CCA
The function of a CCA is electrical: to transfer information, energy or connect multiple pieces of
equipment together. CCAs designed for the marine industry are encapsulated to protect physically
from water ingress and mechanically from loading stresses to the wired joint. PUs are frequently
used in sub-marine applications to encapsulate as they are capable of resisting the environment,
for long periods of time dependent on the raw materials selected 43. PUs are also a cost effective
polymer for this application, however there is not much data or research available to support the
durability of PU in the sub-marine environment

43, 78

. The harsh sub-marine environment can

include sea water, oils, hydrocarbons, temperature gradients, mechanical loading and hydrostatic
pressure. Poor handling of the CCA or using it above the voltage or pressure rating can also result
in damage to the electrical termination and the encapsulating polymer. Failure mechanisms can be
placed into three categories: degradation of the bond between the PU overmoulding and the
connector or cable, degradation of the PU or failure of the connector (Fig. 6.1).
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Figure 6.1 Crevice corrosion of a connector backshell resulting in connector failure.

6.2.1 Bond degradation
Organic coatings such as PU are used due to their capacity to provide a protective physical barrier
between the metal surface and the corrosive environment

142

. Gonzalez et al.’s study also found

that once good adhesion is initially achieved, PU based polymeric films behave as a very effective
protector against corrosion, due to its excellent barrier properties in a NaCl environment. Some
researchers believe that all polymers are susceptible to the permeation of potentially corrosive
species such as water, oxygen and ions 142. Contradictory to this Mourad et al., found through the
use of energy dispersive x-ray (EDAX) analysis that matrixes of epoxy and PU when immersed in
seawater were not permeated by dissolved ions 143. It is also widely accepted that bond failure is
initiated from the edge exposed to the electrolyte, as oppose to diffusion through the encapsulant
144

. Delamination from an exposed edge towards the centre of a sample is common in many types

of delamination, where the presence of counter ions is necessary. These counter ions are unable to
diffuse through the PU layer but will be present at the interface. Water molecules at the metal- PU
interface could reduce the coating’s adhesion and encourage the corrosion of the metal
underneath.
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6.2.1.1 Cathodic delamination
In use, these encapsulating PUs can rapidly cathodically delaminate due to differences in corrosion
potentials when various metals are used, leaving the component at risk. This phenomenon is widely
accepted as the result of a highly alkaline condition, where hydroxyl ions are generated at the
metal-polymer interface as oxygen is dissolved 144. Cathodic delamination reaction rate is increased
by an increase in temperature, the concentration of the metal counter-ions in the electrolyte, or in
an environment containing smaller metal ions which will diffuse faster. This is often the case in a
sub-marine environment. While some argue that cathodic disbondment is characterised by the
complete disbondment from metal i.e. an adhesive failure with the primer or adhesion promoter
detaching from the metal substrate

144

. Others argue that the type of adhesive failure observed

whether the primer detaches from the metal or from the PU depends on the potential difference
the part is exposed to 145. A study conducted by Makama et al. using the metal- primer- PU system
in Fig. 6.2, showed a cohesive failure mode was the result of electrically isolating the component in
use; whereas when the part is not electrically isolated an adhesive failure was observed. They go
on to state the time to bond failure for an isolated system was 5-6 m while an un-isolated system
failed within 3-4 m. However in this study a repetitive load was applied to all samples and they had
exposure on all 4 sides
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. Hence while disbondment appears to be inevitable in the harsh sub-

marine environment, from the exposed edge inwards; the type of failure mode and time to failure
can be improved by taking cathodic protection and isolation steps.

Figure 6.2 Delamination of a PU overmoulding from a connector backshell (adhesive failure).
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Thomas et al. found a linear relationship between the rate of increase in the disbonded width when
plotted versus the square root of time in a cathodic delamination environment 144. This suggests
that cathodic delamination follows Fick’s law for diffusion.
When considering the durability of a component it is crucial to define the end use conditions. A
metal-primer-PU assembly may not be cathodically polarised in use and another metal-primer-PU
system may be better suited for this application 144. This is also shown in the different activation
energies observed for different primer-PU systems in different environments. Cathodic polarisation
is a corrosion control method where the potential of cathodic sites shifts the potential of the anodic
area to the point at which there is no potential difference between the anode and cathode.
Therefore, minimising or eliminating corrosion at the protected substrate

146

. In industry the

necessary cathodic protection is achieved using sacrificial anodes or induced current cathodic
protection systems which protects metal components in direct contact with seawater.

6.2.2 PU degradation
Modes of PU deterioration include mechanical degradation, hydrolysis, swelling, cracking due to
UV (photo-oxidation) and ozone attack, chemical breakdown, plasticisation and oxidation 43, 78.
For PUs used in high humidity and underwater environments the most common degradation
mechanism is hydrolysis, depicted in equation 6.1
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. This is also the case for polyether based

elastomers which are known to be more resistant to bond breakage 78. Hydrolysis causes a decrease
in the network density and consequent loss of mechanical properties. The urethane linkage is
attacked as it is the most easily broken down bond 116. Polyester based PUs undergo fast hydrolysis
and cannot be used for long term sea water applications even at low temperatures. However, some
researchers believe that hydrolysis only occurs at elevated temperatures 78.

Equation 6.1 Hydrolysis of PU 147
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Barrioni writes “The use of polyols with higher functionality can lead to PUs with crosslinked bonds.
Generally a crosslinked structure prevents water from easily reaching the ester or ether groups,
reducing the hydrolytic degradation capacity. In some cases, triol crosslinkers prevents the
aggregation of segments through hydrogen bonding of the hard segment, and increases the
aggregation through covalent bonds, with the formation of a homogeneous structure with no phase
separation. The disordering of the polymer matrix and the reduced movement of the molecular
chain caused by chemical crosslinking allow the ester or ether groups to be exposed to water,
improving hydrolytic degradation”

16

. This is a key example of not only the individual raw

ingredients changing the properties but also how the chemical structure can alter the end
properties.
Rutkowska et al. found that the degree of crosslinking within a polyester or polyether PU greatly
affected the degree of degradation in seawater
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. After one-year immersion in seawater the

crosslinked polyether urea urethane under investigation showed high resistance to degradation
and retained its strength. In comparison, a slightly crosslinked polyester urethane showed modest
resistance to degradation
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. Davies et al., found a reversible drop in properties of PUs in wet

conditions as a result of plasticisation but no significant overall loss in properties of said PU aged
for 5 years in sea water 43. Davies’ study focused on mechanical behaviour as opposed to physicochemical damage as they believe the former is more likely to determine the overall lifetime of the
PU. Mourad et al.’s researched the behaviour of a glass – PU composite exposed to seawater at
two temperatures, ambient and 65 °C. At room temperature there was an 8 % decrease in tensile
strength after 3 months 143. They believed this was the result of nonhomogeneous distribution of
the absorbed moisture creating localised defects. This conclusion was reached due to an increase
in strength at the sixth month mark at which point moisture content reached equilibrium. This
coupled with the large standard deviation suggests localised stiffness and stress regions. However
at the one year mark a total reduction of 19 % strength was reported as the result of hydrolysis.
These results and the failure mechanism is supported by Davies’ study mentioned above.
Davies’ study showed that extensive immersion in hot seawater caused the PU composite to
become brittle it is theorised by Mourad that this could be the result of the reaction with water
breaking down the molecular weight, making it more brittle 143. Alternatively the water molecules
could be behaving as an anti-plasticiser preventing movement of chemical groups and hence
reducing mobility of polymer chains. As a result the polymer cannot absorb energy and becomes
stiff. Samples immersed at 65 °C in Morad’s study showed a reduction in tensile strength of 14, 27
and 31 % at 3, 6 and 12 months respectively. This is most likely because the exposure temperature
is higher than the Tg effectively softening the PU matrix to the point of making it highly susceptible
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to adsorption of water at a faster rate 143. Some hydrolysis is also reported which is believed to be
hastened by temperature. Davies was able to detect hydrolysis using FTIR and predicted a lifetime
greater than 20 years using the Arrhenius equation. This was based on 20 % permanent reduction
in failure stress for PUs under test at 50 °C and came to the conclusion using a polyether-based PU
that PUs are suitable for long term underwater exposure. Le Gac et al., reported their findings as
an increase in elongation at break in the first stage of degradation followed by a large decrease 147.
While stress at break significantly decreases when hydrolysis occurs, this is observed for all
temperatures ranging from 70 to 120 °C. They were able to calculate an activation energy of 115
kJmol-1, as the hydrolysis kinetics followed Arrhenius behaviour.
Overall these studies show a drop in mechanical properties of PU immersed in seawater which
could be due to the absorbed water behaving as a plasticiser or causing a hydrolysis reaction.
Detailing that the reduction was partially recoverable, plateau values of water absorbency are
reached and throughout ageing the degradation of mechanical properties recovers. The only
discrepancy between these studies is the suggestion by De Oliverira et al. that hydrolysis did not
occur at low exposure temperatures 78. They propose that hydrogen bonding between urethane
groups are broken and replaced by hydrogen bonds between urethane groups and the absorbed
water; this is described as a partially reversible plasticiser effect. This however cannot be verified
by FTIR but is deduced by the lack of chemical modification coupled with a reduction in rigidity. It
is also reported that degradation due to photo-oxidation was more severe in PUs with lower hard
segment concentration and higher soft segment molecular weight.
Any of the 3 failure mechanisms will eventually lead to an electrical breakdown, rendering the CCA
part non-functional. Failure of the connector, degradation of the PU protective over mould or a
failed bond will result in the ingress of water this will cause an electrical short. This chapter will
focus on the degradation of the PU protective over mould in an ALT environment.

6.3 Durability of PU
PUs degrade at different rates based on the degree of crosslinking in their microstructure and
polyether urethanes are known to show high resistance to degradation in sea water 103.
Samples of the legacy polyether urethane L3, and replacement PUs PU2, PU3 and PU4 at 70 Shore
A were produced at Teledyne-Impulse-PDM in Alton, Hampshire, UK and sent to Teledyne’s PU lab,
Teledyne-Scientific in Thousand Oaks, California, US. The legacy PU has proven itself as a long-term
solution for cable-connector assemblies (CCA) in a sub-marine, oil and gas environment. The
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purpose of this durability study is to understand and compare deterioration of material properties
in an accelerated environment for each PU.
The physics of failure of engineering plastics in sub–marine applications is described well by
Thiraviam 120. Fig. 6.3 shows stressors known to degrade material properties in CCA, this chapter
will focus on temperature as the accelerant.

Figure 6.3 Physics of failure - degradation in electric properties 120.

The material properties selected to be monitored include:
1. Water absorption (a change in mass)
2. Tensile strength and elongation at break
3. Compression set
4. Hardness
5. Volume resistivity
6. Dielectric strength
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The correlation between these six properties is, water absorption is expected to reduce mechanical
and electrical properties. Particularly volume resistivity which decreases due to a breakdown in the
PU’s ability to behave as an insulator, as it absorbs moisture and the dispersed ions.

6.3.1 Method
All testing was carried out using ASTM (American Standard for Testing of Material properties)
standards by Teledyne-Scientific; the standards are detailed in Table 6.1. All samples were aged at
63 ± 3 °C in 3.5 wt.% NaCl the properties in Table 6.1 were measured periodically.

Table 6.1 List of ASTM standards used for the monitoring of mechanical, physical and electrical properties.

Property

ASTM standard reference number

Hardness

ASTM D2240 148

Tensile Strength

ASTM D412/D638 149

Compression set

ASTM D395-03 106

Elongation at break

ASTM D412/D638 149

Dielectric strength

ASTM D150 129

Volume resistivity

ASTM D257 110

Water absorbency (change in mass)

ASTM D570 150

6.3.2 Geometry of test pieces
The geometry of the test pieces, the number of repetition and the technique for the manufacturing
of samples are set by the ASTM standards. The geometry of the test pieces is depicted in Fig. 6.4. A
sheet of cured PU was manufactured using the closed cast moulding method detailed in 1.4.4.2 and
stamped out using various dies.
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a

b

c
d

Figure 6.4 Geometry of test pieces; a. Tensile strength and elongation at break, b. Volume resistivity and dielectric
strength, c. Mass change and d. Hardness and compression set.

6.3.3 Test equipment
Some techniques, test standards and equipment vary to those detailed in Chapter 3, which focused
on as-manufacture properties and were measured in the UK. Changes and further information are
detailed in this section for durability data measured in the USA.

6.3.3.1 Hardness
For Shore hardness measurements, a handheld 306L type A durometer manufactured by Pacific
Transducer Corp, USA was used with a stand to apply the force in a manual but not handheld
fashion as is the case in section 3.7.1. This allows control of the force applied, speed of application
of force and duration of force applied (Fig. 6.5). A PU sheet of 6 mm or greater was used and the
reading taken after 1 s contact, calibration standard A73 ± 1 in accordance to ASTM D2240.
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Figure 6.5 Durometer in test stand.

6.3.3.2 Tensile testing and elongation at break.
For tensile testing, an Instron 5966 test frame was used with an Instron 2603-084 elastomeric
extensometer (gauge length 25.4 mm); results were analysed using Bluehill 3 software. A type D,
die was used to cut dumbbells and a displacement rate of 50 mm min-1 was applied in accordance
to ASTM D412 (Fig. 6.6). An extensometer was used to measure elongation at break in this chapter
whereas in Chapter 4 the displacement between the two grips was used.

Figure 6.6 Tensile test stand with extensometer.
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6.3.3.3 Compression set
Compression set was carried out using a Starrett 117038 displacement gauge, ground 304 stainless
steel fixtures, 4.5 mm thick spacers and a Lindberg Blue convection oven. A sheet of PU 6 mm thick
was compressed to 75 % its initial thickness, heated at 65 °C for 70 h. The samples then underwent
a 30-minute cooling period prior to final thickness measurement. The schematic of equipment used
for compression set testing is shown in Fig. 2.32, this is to ASTM D395-03 test method B, Type 2.

6.3.3.4 Dielectric strength
Dielectric strength was carried to ASTM D150 using a HIPotronics 7100-5D149-P-B Ac dielectic test
set with a Hipotronics Robinson Type 970 system controller and 25.4 mm diameter electrodes, Fig.
6.7 and 6.8.

Figure 6.7 Picture of the HIPotronics 7100-5D149-P-B set up at Teledyne-Scientific.
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Figure 6.8 Dielectric test stand within the HIPotronics 7100-5D149-P-B.

6.3.3.5 Volume resistivity
Volume resistivity was measured using a Keithley 6517A Electrometer with a Keithley 8009
resistivity test fixture attachment to ASTM D257. Results were analysed using Labview 2015 SP1,
Fig. 6.9.

Figure 6.9 The set-up of a Keithley 6517A Electrometer.
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6.4 Results
6.4.1 Ageing of L3

6.4.1.1 Mechanical and physical properties
Mechanical properties measured include tensile strength, elongation at break and compression set.
Physical properties reported are mass change and hardness, Table 6.2.
Table 6.2 Measurement of mechanical and physical properties for L3.

Time
[h]

Mass
Change [%]

Hardness
[Shore A]

0
168
336
672

n/a
2.63 ± 0.1
2.68 ± 0.1
1.66 ± 0.1

83
76
73
74

Tensile
Strength
[MPa]
6.11 ± 1.7
5.62 ± 0.3
5.74 ± 0.7
4.93 ± 0.3

Elongation at
Break
[%]
179.1 ± 83.2
305.5 ± 17.4
299.4 ± 35.0
339 ± 10.5

Compression
Set at 65 °C/ 72
h [%]
85.6 ± 1.3
74.1 ± 2.6
58.4 ± 4.0
57.2 ± 1.7

During ageing there is a 19 % decrease in the tensile strength while there is an 89 % increase in the
elongation at break. Mass change due to water absorption increases up to 2.6 %, reaches a level of
saturation then decreases. The absorbed water does appear to be behaving as a plasticiser
increasing the movement of the polymer chain which would increase the elongation at break. There
is a gradual decrease in both the compression set and hardness. This is interesting because as the
material gets softer one would expect it to be more susceptible to compression set, but these
results suggest the opposite i.e., a decrease in hardness corresponding to an increase in resistance
to compression set. However, the results seen here work in favour of this application as lower
compression set is favourable. This finding could be central in explaining why a PU with poor tensile
properties is still durable in this environment.

6.4.1.2 Electrical properties
The electrical properties measured were dielectric strength and volume resistivity (Table 6.3).
These properties are a useful way to measure PU degradation as an electrical insulator. Dielectric
strength is a measure of the maximum electric field a material can withstand without experiencing
failure of its insulation properties under ideal conditions. Volume resistivity is a direct measurement
of a volume of materials ability to withstand the flow of an electric current.
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Table 6.3 Measurement of electrical properties for L3.

Time

Dielectric

strength Volume

h

[MV m-1 ]

[TΩ cm]

0

20.87

0.62

168

6.30

0.0018

336

5.51

0.0015

672

5.12

0.0013

Resistivity

Both dielectric strength and volume resistivity decrease rapidly by 75 % and 99 % respectively.
These values are arguably well below an acceptable value for the end use environment and
application. Hence this exposure experiment was discontinued at 672 hours.

6.4.2 Ageing of PU2

6.4.2.1 Mechanical and physical properties
Similar properties measured for L3, have been measured for this replacement PU, with a longer
duration of testing. Table 6.4 shows the behaviour of these properties during ageing over 960 h.

Table 6.4 Measurement of mechanical and physical properties for PU 2.

Time
h
0
120
240
360
480
720
840
912
960

Mass
Change
[%]
n/a
3.0 ± 0.0
2.6 ± 0.1
2.9 ± 0.1
3.1 ± 0.2
2.2 ± 1.3
2.9 ± 0.0
1.2 ± 0.2
2.7 ± 0.0

Hardness
[Shore A]
78
85
85
85
84
85
84
86
85

Tensile
Strength
[MPa]
13.7 ± 0.5
8.9 ± 1.7
8.8 ± 0.3
8.9 ± 0.7
8.3 ± 0.3
12.3 ± 0.6
11.8 ± 0.8
13.2 ± 0.7
12.7 ± 0.5
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Elongation at
Break
[%]
200.4 ± 5.8
186.0 ± 16.7
204.6 ± 6.6
217.6 ± 9.2
231.1 ± 15.3
265.6 ± 5.8
256.9 ± 9.9
299.0 ± 10.2
532.9 ± 16.6

Compression
Set at 65 °C/ 72
h [ %]
82.0 ± 4.1
98.8 ± 4.3
89.4 ± 14.0
91.8 ± 2.7
83.4 ± 10.5
86.1 ± 6.5
90.0 ± 4.4
77.1 ± 5.2
81.4 ± 5.3

The tensile strength reaches a maximum reduction of 40 %, corresponding to the maximum
increase in mass. The tensile strength then starts to increase with a final result at 960 h as a
reduction of 7 % from the initial value. Similarly to the legacy PU, the percentage elongation at
break gradually increases up to 166 %. The compression set is unacceptably high and consistent
throughout the exposure. There is an initial increase in hardness which is maintained for the
duration of the ageing study.

6.4.2.2 Electrical properties
The measured electrical properties during the exposure period of 960 h are dielectric strength and
volume resistivity, (Table 6.5).

Table 6.5 Measurement of electrical properties for PU2.

Time

Dielectric strength Volume Resistivity

[h]

[MV m-1 ]

[TΩ cm]

0

19.69

8.9

120

19.29

0.019

240

17.32

0.051

360

19.29

0.059

480

20.08

0.036

720

15.75

0.034

840

19.29

0.053

912

14.96

0.059

960

17.72

0.041

The initial dielectric strength is comparable to the legacy PU and experiences an acceptable
reduction of 10 % whereas the volume resistivity experiences a 100 % reduction. The reduction of
volume resistivity is drastic in the first 120 h, however after this the reduction is negligible. This
suggests the volume resistivity of PU2 has reached a steady state within the first 120 h. A steady
state is a situation where regardless of the application of a continued force or stressor, in this case
time, the measured property deviates very little.
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6.4.3 Ageing of PU3

6.4.3.1 Mechanical and physical properties
The physical and mechanical properties measured for PU3 (Table 6.6).
As expected, there is a reduction in tensile strength and elongation at break with ageing, albeit very
small for this PU. It is important to note, this change happens relatively quickly i.e. within the first
360 h, as supported by the plateauing of mass change.

Table 6.6 Measurement of mechanical and physical properties for PU3.

Time
[h]
0
120
360
480
720
840
912
960

Mass
Change
[%]
n/a
1.9 ± 0.1
2.0 ± 0.1
1.9 ± 0.0
1.7 ± 0.0
2.1 ± 0.0
2.0 ± 0.1
1.8 ± 0.0

Hardness
[Shore A]
79
69
69
69
69
69
69
69

Tensile
Strength
[MPa]
38.6 ± 0.4
19.6 ± 1.3
34.2 ± 2.2
24.2 ± 0.9
29.4 ± 3.7
32.5 ± 3.4
33.5 ± 3.7
32.3 ± 3.2

Elongation at
Break
[%]
959.5 ± 31.0
789.1 ± 21.0
877.2 ± 25.0
830.1 ± 11.3
817.3 ± 30.7
880.2 ± 28.7
890.2 ± 31.4
864.1 ± 11.1

Compression
Set at 65 °C/ 72
h [%]
35.0 ± 4.0
22.6 ± 4.8
22.7 ± 6.5
23.0 ± 4.7
20.8 ± 7.6
20.1 ± 4.4
26.5 ± 2.1
26.3 ± 2.3

The data presented here suggests that the measured properties (mass change, hardness, tensile
strength and elongation at break) all reach a level of maximum degradation within the first 360 h.
For example, the shore hardness drops by 10 Shore A initially, and this value is maintained
throughout the remaining exposure time.

6.4.3.2 Electrical properties
Electrical properties (dielectric strength and volume resistivity) were also measured over the 960 h
exposure period, (Table 6.7). These results also appear to be steady state values with very little
variations as the ageing progresses and some recovery after the initial drop.
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Table 6.7 Measurement of electrical properties of PU3.

Time

Dielectric

strength Volume

[h]

[MV m-1 ]

[TΩ cm]

0

20.91

8.5

120

19.21

6.5

240

16.34

6.6

360

19.06

7.0

480

19.76

6.6

720

16.14

7.1

840

19.84

7.8

912

20.59

7.1

960

16.54

7.9

Resistivity

The measured dielectric strength is comparative to the initial value of the legacy PU. The final value
of volume resistivity is 92 % greater than the initial value of the legacy PU. Overall this PU shows
very little degradation in the electrical properties.

6.4.4 Ageing of PU4

6.4.4.1 Mechanical and physical properties
The degradation of mechanical and physical properties of replacement PU, PU4 are shown in Table
6.8 over a 960 h exposure period.
Table 6.8 Measurement of physical and mechanical properties of PU4.

Time
[h]

Mass
Change [%]

Hardness
[Shore A]

0
120
240
360
480
720
840
912
960

n/a
2.1 ± 0.2
2.6 ± 0.2
1.9 ± 0.1
2.1 ± 0.1
1.6 ± 0.0
1.8 ± 0.2
1.1 ± 0.0
0.9 ± 0.6

71
65
69
64
66
65
67
66
65

Tensile
Strength
[MPa]
43.6 ± 1.2
41.5 ± 0.7
38.6 ± 3.1
33.0 ± 1.1
43.6 ± 0.6
45.1 ± 1.9
46.5 ± 2.5
47.3 ± 1.9
47.5 ± 5.6
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Elongation at
Break
[%]
542.2 ± 1.4
532.9 ± 12.7
561.5 ± 35.3
558.6 ± 19.0
569.6 ± 4.6
523.8 ± 13.7
517.7 ± 14.0
527.9 ± 10.4
532.9 ± 16.6

Compression
Set at 65 °C/ 72
h [%]
34.1 ± 2.8
42.1 ± 4.3
36.1 ± 4.0
33.4 ± 2.5
41.1 ± 9.9
36.5 ± 1.5
39.1 ± 2.0
31.1 ± 3.6
36.6 ± 1.3

The maximum mass change was achieved at the 240 h mark, after which there is a notable recovery
to a final value of 0.9 %. Hardness experiences a drop of 5 Shore A after which the value appears
stable. The tensile strength initially experiences a drop followed by a consistent but small increase
with the final strength being slightly larger than the initial tensile strength. Variation in the
elongation at break is negligible, and the compression set is consistently low for a PU. Overall there
is very little change in these properties throughout the ageing trial.

6.4.4.2 Electrical properties
Electrical properties measured periodically over 960 h, Table 6.9.

Table 6.9 Measurement of electrical properties of PU4.

Time

Dielectric

strength Volume

[h]

[MV m-1 ]

[TΩ cm]

0

9.45

6.9

120

9.84

0.31

240

11.02

0.31

360

11.02

0.21

480

9.84

0.51

720

10.24

0.70

840

9.05

0.52

912

10.63

0.38

960

10.63

0.25

Resistivity

The dielectric strength is consistent throughout the exposure study with a slight increase at the 240
h mark coinciding with the maximum mass increase. The final measurement of dielectric strength
at 960 h is marginally larger than the initial value. This contrasts with the drastic drop in volume
resistivity resulting in a final reduction of 96 % at 960 h. However, the difference between 120 and
960 h is only 19 %; meaning the majority of the reduction happens within the first 120 h. It is ideal
that a material reaches a plateau of degradation early on in an ageing study.
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6.5 Discussion
The previous part of this chapter aimed to evaluate durability by comparing mechanical, physical
and electrical properties of the replacement PUs to that of the legacy PU (L3). This discussion
section, however, compares these properties across the range of considered replacements.

6.5.1 A comparison between ASTM and BS ISO
The tensile strength measured using the ASTM standard detailed in this chapter is very similar to
that measured using BSI ISO standards reported in chapter 5. The elongation at break values were
measured using different equipment types. The ASTM technique used an extensometer which
provides a more accurate measurement of elongation at break. While the BSI standard used the
crosshead displacement as the measure for elongation at break. Hardness values deviate across
techniques and cannot be reliably compared. Mass change values are also incomparable due to the
differences in duration of immersion, BSI being 24 h and ASTM being long term. Also the differences
in the media in which the samples were immersed: BSI used distilled water and ASTM 3.5 wt.%
NaCl. However, as expected, due to the shorter duration of test and the ASTM values appearing to
plateau the BSI values are less.

6.5.2 Mass change
The average mass change across all 4 PUs throughout the ageing study is 2.12 % with a standard
deviation of 0.58; this shows that overall all 4 PUs had a similar mass change (Fig. 6.10). This is
useful because if the duration of the study is fixed and the mass change (amount of water absorbed)
is similar the micro and macro structure of the PU is responsible for the percentage change in the
properties measured.
A 2.12 % mass increase is in keeping with values expected for polyether-based PUs. The small
standard deviation and reduction in mass change as the study progressed suggests that all PUs
reached their maximum level of saturation. This is further supported by Hon et al.’s study which
showed a water uptake and saturation level of 2.5 % for a thermosetting PU immersed in artificial
seawater at various temperatures for up to 1 year 151.
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Figure 6.10 Comparison of percentage mass change of selected PUs over 960 hours.

6.5.3 Hardness
The initial hardness measurements (time 0 h) showed that L3, PU3 and PU4 reached or exceeded
the value of hardness suggested by the manufacturers. This was a good indication that the PU has
fully cured and reached full properties 94. The initial value of PU2 was well below and would be a
cause for concern if the values during the ageing study were not equal to that reported by the
manufacturer.

Figure 6.11 Change in hardness of selected PUs over 960 hours.
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L3, PU3 and PU4 all showed a decrease in hardness with the largest decrease being for PU3,
however the reduced value is in keeping with the value reported by the manufacture of the product
once cured. For all PUs investigated, once a reduction was observed in the first 120 hours (or
increase in the case of PU2) the value remained stable throughout the rest of the exposure trial
(Fig. 6.11).

6.5.4 Compression set
Compression set is a materials resistance to permanently deform after a compressive force has
been applied for a set duration of time, hence a lower compression set is desirable. This property
is of importance because in use, cable connector assemblies can experience pressures in the region
of 600 Bar. Also the PU could be responsible for creating and maintaining a seal between pins and
sockets. Compression set could be dependent on the hardness of a polymer as softer materials will
inherently be more susceptible to a compressive force 96.

Figure 6.12 Change in percentage compression set of selected PUs over 960 hours.

If only hardness was considered, one would expect the softer PUs, PU3 and PU4 to have a larger
compression set and the hardest PU, PU2 to have the lowest compression set. However, in practice
the opposite is observed. In theory PTMEG based polyether PUs are described as having superior
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mechanical properties and this was confirmed during this ageing study. L3 (PPG based) showed
moderate resistance to a compressive force while PU2 also PPG based showed little to no resistance
to a compressive force. Both PTMEG based PUs (PU3 and PU4) showed great resistance to
compressive forces with PU3 having the lowest compression set (Fig. 6.12).

6.5.5 Tensile strength
CCA very rarely experience a prolonged tensile load in use, but this property is well understood and
characterised in literature and is a good way to monitor mechanical degradation of a PU. All
replacement PUs have tensile strengths greater than the legacy PU (Fig. 6.13). However, the
measured initial tensile strength of L3 is less than that suggested by the manufacturer with PU2
being most similar to this suggested value. PU3 and 4 have similar starting tensile strengths. While
there is a 19 % decrease in L3’s tensile strength the replacement PUs, PU2 showed a reduction of
7 %, PU3 a reduction of 16 % and PU4 an increase of 9 %. While the reduction of PU3 and the legacy
PU as a percentage is similar the much larger starting strength of PU3 meant the end result was still
81 % larger than that of the initial value for the legacy PU. PU4 had a slight increase in tensile
strength resulting in the largest tensile strength at the end of the ageing trial. This could be due to
the degree of crosslinking as suggested by Rutkowska et al. resulting in a polyether PU retaining its
strength during long term ageing 103.

6.5.6 Elongation at break
The reduction in the elongation at break is negligible for PU3 and PU4 (Fig. 6.13 c and d). However
L3 and PU2 show large increases in elongation at break of 89 and 166 % respectively (Fig. 6.13 a
and b). This shows the amount of moisture absorbed, which is a constant, has a greater effect on
PPG PU systems than on PTMEG systems. The polyol type dictates how freely polymer chains are
able to move, as they make up the soft phase of the cured product. Researchers suggest that
moisture ingress would reduce the movement of polymer chains, causing the PU to become stiffer
143

, this would result in a reduction in elongation at break, and is in keeping with results for PU4.

The opposite is observed for L3 and PU2, elongation at break increases, suggesting a different
degradation mechanism.
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(a)

(b)
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(c)

(d)
Figure 6.13 Changes in tensile strength (TS) and elongation at break (EAB) over 960 hours for: (a) L3, (b) PU2, (c) PU3-70A
and (d) PU4-70A.

6.5.7 Dielectric strength
The initial dielectric strength for PU3 and PU2 are most similar to L3, with PU4 having the lowest
initial dielectric strength (Fig. 6.14). There is a drastic reduction for L3 of 75 %, compared to PU2
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with 10 %, PU3’s 20 % reduction and PU4’s overall increase of 12 %. PU2 has the highest dielectric
strength at the end of the exposure trial, followed by PU3, with a very small difference of 1.8 MV
m-1.

Figure 6.14 Change in dielectric strength over 960 hours.

6.5.8 Volume resistivity
The initial volume resistivity is low for Legacy PU L3, while PU2 and PU3 have similar values and
PU4 is 20 % less at 0 h.

Figure 6.15 Change in volume resistivity over 960 hours.
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Similarly, all PUs show a reduction after the first 120 h (Table 6.10). 99 % decrease for L3 and PU2,
7 % reduction for PU3 and 96 % for PU4. With only the legacy PU dropping below an acceptable
value of 2 GΩ cm. All PUs show a value near the end of the exposure trial similar or greater than
the value of the initial drop (Fig. 6.15), supporting that there is a level of recovery in volume
resistivity during ageing 43.

Table 6.10 Change in volume resistivity of PUs during accelerated life testing.

Volume resistivity [TΩ cm]
Time [h]

L3

PU2

PU3-70A

PU4-70A

0

0.62

8.9

8.5

6.9

0.019

6.5

0.31

0.051

6.6

0.31

360

0.059

7

0.21

480

0.036

6.6

0.51

720

0.034

7.1

0.7

840

0.053

7.8

0.52

912

0.059

7.1

0.38

960

0.041

7.9

0.25

120
168

0.0018

240
336

672

6.6

0.0015

0.0013

Conclusions

A series of ASTM standards were used to measure physical, mechanical and electrical properties
while ageing 4 PUs in an artificial saltwater environment. A second stressor of temperature was
added to the exposure trial as this is known to cause degradation of polymers in CCA. The legacy
PU, L3 was tested to set a benchmark as this PU has been successfully used by Teledyne-ImpulsePDM and other Teledyne companies over the past 25 years but is no longer available due to the
mercury content. While the legacy PU shows low water absorbency and moderate final
compression set resistance, the electrical properties do drastically decrease to an unacceptable
value. All considered, replacements had a higher initial tensile strength and elongation at break,
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with PU2 being most similar to the legacy PU. This increase in elongation at break correlates to
greater flexibility, which is a useful property for the application, as the PU overmoulding is also used
to provide bend restriction (support). The electrical properties of L3 during ageing are poor so while
this can be used as a benchmark it is generally accepted that higher volume resistivity and dielectric
strength are ideal for the application of CCA. These poor values are also the reason for the early
termination of the test.
While all PUs in this study are polyether based, the PTMEGs (PU3 and PU4) contain a higher number
of functional groups and will produce a more cross-linked structure which in turn is more resistance
to the ingress of ions and moisture. Overall very little mass change is observed for all 4 PUs, with
some recovery. This validates the hydrolysis resistance expected of polyether-based PUs.
To conclude, L3 was found to be less durable than expected, with low tensile strength, moderate
compressive set resistance and poor electrical properties, specifically volume resistivity. These
properties degraded to unacceptable values rapidly during ageing. Based on the durability data
presented in this chapter, PU3 is the most suitable replacement. This PU showed the lowest
degradation in mechanical and electrical properties. PU3 also had the lowest compression set with
consistent values throughout the ageing process.

182

7 Chapter 7: Discussion, conclusions and further work

7.1 Introduction
Legislative controls have been introduced, aimed at decreasing hazardous exposure to heavy
metals as an occupational risk. The two main regulations responsible for this are REACH Regulation
(EC) No 1907/2006 7, the RoHS 1 directive 2002/95/EC and RoHS 2 Directive 2011/65/EU

8, 9

.

However, the removal of SVHCs, such as heavy metals, often used as catalysts and stabilisers in
polymers, is believed to not only be detrimental to the properties, but to the way they are
processed.
The work presented in this thesis relates to the removal of a toxic heavy metal (Hg) regularly used
in PUs for sub-marine applications as a catalyst. This is accomplished through the characterisation
of raw components and cured products; monitoring and comparing durability in the end use
environment to provide confidence in the replacement PUs. Various analytical techniques to
characterise chemical composition, monitor thermal, mechanical, physical and electrical properties
coupled with an ALT regime were employed. This was done with the end goal of selecting a
compliant PU and providing data and tools required to consistently manufacture parts and make
further selections should current commercial PUs become obsolete. Teledyne-Impulse-PDM
manufacture and add value to many EEE systems using PUs. PU is used in the manufacture of CCAs
for a range of components: cable sheaths, overmoulding, backpotting, adhesion promoters and
connector manufacture.
To measure the continued validity of PU for this application, Cambridge Engineering materials
selection (CES) software was used. The final selection criteria of price 1-15 £ kg-1, tensile strength
6-45 MPa, electrical resistivity 1 x 106 - 1 x 1020 µΩ cm, excellent fresh and sea water resistance and
acceptable polymer injection moulding yielded 30 results of a possible 3111 materials in the
database. It was interesting that these 30 materials were variations of polymers currently used by
industry in CCAs: CR, EPDM, HNBR, TPU and PVC. TPU by comparison showed high tensile strength,
high electrical resistance coupled with a mid-range price tag. Teledyne-Impulse-PDM have
extensive experience processing TPU and was hence the polymer type investigated in this research
as a replacement to the current TPUs.
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7.2 Raw components
FTIR analysis was able to identify which of the isocyanates were prepolymers. Confirm the location,
intensity and profile of NCO peaks and showed how the spectra would change as the isocyanate
degrades. FTIR showed great similarities particularly in the 2800 to 2980 cm-1, C-H aliphatic
stretching region between the PPG standards, legacy polyols and the replacement polyols (PU1 and
PU2), suggesting these polyols are also of the PPG type. There was good similarity between the FTIR
spectra for PU3 and PU4 polyols, supporting that they are both PTMEG-based polyethers, with
signals in the 2600 to 2800 cm-1 region appearing to be diagnostic to the type of polyol. Polyol FTIR
spectra where metal ions were present, showed a positive peak perhaps where the metal ions
interfere with the IR transmittance. FTIR confirmed the composition of the two chain extenders in
PU3 and PU4 as being 100 % 1,4-butanediol and showed unexpectedly similarities between the
catalysts for these two PUs.
13

C NMR of commercial isocyanates compared to MDI allowed the identification of key signals and

by elimination, the identification of signals corresponding to other components listed in MSDSs;
these results also suggest L1-ISO contains MDI oligomers due to similarities to L2 and L3-ISOs. Due
to the simplicity of the BDO molecule, signals for the presence of BDO could be identified in L1, PU1
and PU2, but not in any of the other polyols confirming that this chain extender is not present as
was suspected for the other two legacy polyols (L2 and L3). Finally, 13C NMR provided a qualitative
indication of the type of polyol present, which was PPG (due to the presence of pendent methyl
groups) in L1-L3 and PU1-PU2. These results correspond well with FTIR analysis except for in the
case of PU4 which showed very few signals in 13C NMR.
19

F NMR of commercial isocyanates allowed the calculation of CNCO based on the integral of a

fluorinated product signals as the result of reacting isocyanates with a fluorinated alcohol in the
presence of surplus isocyanate. As anticipated, MDI had the highest concentration of NCO while
the prepolymers had the least. A series of PPG polyols with a known hydroxyl value and Mr were
used to support a similar analysis of the commercial polyols. A fluorinated isocyanate reacted with
the polyols and the integral of the product peak was used to calculate COH, hydroxyl value and Mr.
Mr actual values were extrapolated from the PPG analysis line equations. These values, one using
COH and the other using hydroxyl values agreed within 10 %. This data allowed the calculation of
NCO:OH, ratio based on the concentrations calculated of each component and the mix ratios
provided by manufacturers. From this, free NCO content was calculated; all values except that for
L2 were negative suggesting an excess of hydroxyl groups.
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PU3 and PU4 were very similar based on FTIR of the individual components and 19F NMR making it
quite surprising that no signals were observed for the PU4-polyol during 13C NMR. While every
effort was made for consistent sample preparation this polyol is solid at ambient temperature and
this could have affected the result (although it was dissolved in deuterated solvent).
ICP-OES was a very effective technique to quantify metal ion concentrations. The amount of Hg in
the legacy polyols was 900.2, 993.1 and 1165.0 µg g-1 for L1, L2 and L3, respectively, with the REACH
restriction stipulating a PU with Hg content ≥ 1000 µg g-1 for obsoletion. The substitute of Sn as a
catalyst was not surprising as it was considered at early patenting stages. It is interesting to note
the lack of metal ions in any of the replacement polyols. Analysis to understand the catalysts used
in these systems would be worthwhile as this could potentially reduce the amount of urea formed.
These techniques complement each other in numerous ways; for example, FTIR of isocyanates with
a double trough in the OH region and 13C NMR with polyether signals in the region of 70-20 ppm
confirm ISOs used in PU1, PU3 and PU4 are prepolymers. ICP-OES and
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F NMR of polyols,

complement each other in that the PU systems with a known Hg catalyst had the least urea
formation while the systems with Sn had the largest. And finally, the scale of the black pigment
images provides verification that the black pigment where present, does not overtly influence the
hard and soft regions imaged in AFM.
It is important to quantify these properties as they could directly affect mechanical, thermal and
physical properties of the cured product.

7.3 Cured PU
AFM was successfully used to image the cured commercial PUs whereas in literature thin films were
always used. The AFM phase images showed features which did not correlate with the topography
images confirming the presence of hard and soft phases and the separation thereof. FTIR spectra
confirmed no free NCO groups were present in the cured product as also shown in the 19F NMR
calculations. The TGA thermograms showed bimodal profiles for all PUs, supporting the separation
of phases shown in the AFM images. TGA analysis provided data on comparable decomposition
temperatures between the legacy and trialled replacements. DSC results were inconclusive, and
more work is required to define test parameters. Clear Tgs were only apparent for legacy PUs L2
and L3 and Tm values were not always clear. However, the data produced showed endothermic
events between 65-90 °C for PU3 and PU4, which could possibly be problematical for use in this
application.
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As expected, there was a large difference between the PPG and PTMEG systems in terms of tensile
strength and elongation at break. Both properties were approximately doubled for the PTMEG
systems; this is believed to be due to there being less oxygen in the polyether back-bone making it
difficult to induce chain rotation. Maintaining good bonds to various substrates is critical to the
functionality of a CCA. Numerous factors appear to affect the bond strength from the catalyst type
(reaction rate) to the polyol type (tensile strength). Tensile strength had the greatest effect on bond
strength to the rigid 316L SS surface and the reaction rate had the greatest effect on bond to other
polymeric surfaces. This could partially be due to the metallic stainless-steel surface also heating
up in the overmould process encouraging the exothermic reaction. Overall the PTMEG-based PUs
provide the best bond strength values, most likely due in a small part to the test technique. As
suggested by Maclure et al., a portion of the value being measured considers the strength of the
bonded substrate 92.
Hardness measurements provided data that the PUs were completely cured. Mass change values
after immersion in distilled water for 24 hours reflected bond strength results and appear to be
influenced by more than the starting polyol chemistry. Legacy PUs L2 and L3 both have a PPG polyol
(confirmed by 19F NMR and polyol FTIR), similar Hg content for the catalyst (confirmed by ICP-OES),
similar hard to soft phase ratio and distribution (confirmed by AFM) with a very low water
absorbency; L1 also has these attributes but shows a high water absorbency. L1’s value is like that
measured of the other PPG polyol PUs, PU1 and PU2. It is worth noting that L2 and L3 both showed
a Tg and L3 is stated to contain a filler; these factors could influence the hydrophobicity of those
PUs. Some consistency is observed across PU3 and PU4, which show an intermediate level of water
absorbency. These similarities are again evident in the compression set values, with L3 and PU2
showing an initial compression set of 85.6 and 82.0 %, respectively, and PU3 and PU4 measuring
compression sets of 35 and 34.1 %, respectively.
While the volume resistivity of all 3 replacements exceeded that of the legacy PU, there does not
appear to be any correlation with the PU polyol type. This is also the case for surface resistivity,
except that of PU4’s which does not exceed L3’s. While all values are acceptable and in keeping of
expectations for PU, these values could be heavily dependent on processing technique. This is
further supported by the low dielectric strength value for PU4, coupled with PU3 having the highest
value. Hence, while the nano (building blocks) and micro (ratio of each component) structure may
be similar, the macrostructure could be influenced during the curing, altering the degree and type
of crosslinking within the final product. This suggests for reliable results, a constant manufacturing
process is required. As part of this work it is crucial to discuss processing equipment, as consistent
processing is very likely to influence the properties achieved.
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7.4 ALT and durability
An ALT regime was undertaken in 3.5 wt.% NaCl, properties were measured using ASTM standards.
A second stressor of temperature (63 ± 3 °C) was added to the exposure trial as this is known to
cause degradation of polymers. L3, was tested to set a benchmark which showed low water
absorbency and moderate final compression set resistance after accelerated ageing. The electrical
properties rapidly and drastically decreased to an unacceptable level and this experiment was
terminated at the 672 h mark. While L3’s data can be used as a benchmark it is generally accepted
that higher volume resistivity and dielectric strength are ideal for the application of CCAs.
All considered replacements had a higher initial tensile strength and elongation at break than L3.
PU2 being most similar in value to the legacy PU L3, makes sense as they are both PPG-based
polyols which is most likely the reason for low starting tensile strength values. The increase in
elongation at break results in greater flexibility, which is a useful property for the application, as
the PU overmoulding is also used to provide support to the electrical termination.
The PTMEG-based PUs (PU3 and PU4) contain a higher number of functional groups and will
produce a more cross-linked structure which in turn was more resistance to the ingress of ions and
moisture. This most likely accounts for the lower initial water absorbency measured. Overall, very
little mass change is observed for all 4 PUs ≥ 2.5 %, this was expected as polyether-based PUs are
hydrolysis-resistant and in keeping with data reported in literature 102-105.
L3 was found to be less durable than expected while exposed to an ALT environment, with low
tensile strength, moderate compressive set resistance and poor electrical properties, specifically
volume resistivity. These properties degraded to unacceptable values rapidly during ageing. Based
on the durability data presented in Chapter 6, PU3 is the most suitable replacement as it is most
durable, far exceeding the properties of the legacy PU. This PU showed the lowest degradation rate
in mechanical and electrical properties. PU3 also had the lowest compression set with consistent
values throughout the ageing process; showing good hydrolysis resistance.

7.5 Combination of results
At the end of chapter 4, a few predictions were made regarding how the analysis of the raw
materials (chapter 4), may affect the measured properties of the cured product (chapter 5) and
durability (chapter 6); the validity of these will be discussed here. There are a few limitations in
combining the results of this study. Firstly, working with commercial PU systems meant it was not
completely possible to fix the type of polyol or isocyanate while varying the Mr , hydroxyl value or
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mix ratio to fully monitor the effect of NCO:OH ratio on properties. It was not possible to completely
quantify the amount of hard to soft segments using AFM.
As suggested by Shih et al., as the NCO content increases the ratio of hard-to-soft segments and
phase separation increases

82

, this was not apparent when comparing PUs across the board.

However when considering a series, such as PU3 where the isocyanate (CNCO) and polyol (COH) type
are fixed, and the mix ratio is varied a relationship between NCO content and phase separation is
apparent. AFM images Fig. 5.6 – 5.8 coupled with
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F NMR results show as the NCO:OH ratio

increases from 0.698 to 0.848 to 0.960 for 70A, 95A and 75D, respectively, there was an increase
in the amount of bright phase regions which corresponds to the hard segments. Suresh et al. states
an increase in phase separation should show a larger difference between the two decomposition
temperatures measured by TGA 76. This again holds true for the series PU3. The difference between
the two decomposition temperatures increases as phase separation increases from 89.1 to 111.0
to 121.6 °C for 70A, 95A and 75D, respectively. This means that with an increase in phase separation
there is an increase in the clarity of the two decomposition steps.
It was also predicted that as the NCO:OH ratio increases, there would be an increase in urethane
functional groups, resulting in a decrease in initial thermal stability. This was expected to be evident
in the first decomposition temperature, as urethane functional groups break down first in thermal
decomposition 76. This was evident as the first decomposition temperature (Table 5.1) decreases
with increasing NCO:OH ratio for both PU3 and PU4. This means less heat is required to cause
decomposition as the number of urethane functional groups increase.
Shih et al. also states this ratio increase may also affect the presence and clarity of a second Tg 82.
This remains unproven in this study mainly because DSC results were inconclusive. However, it is
worth noting that the PUs with the largest NCO:OH ratio 3.813 (L2) and the smallest 0.452 (L3) were
the only two to show a Tg .
In this research as the amount of free NCO decreases in the PU, the bond strength will increase, as
the adhesion promoters. Where bond strength values to 316L SS were quantified this was
confirmed across the 5 PUs (L3, PU1, PU2, PU3 and PU4). The PU with the largest CfreeNCO L3 (0.0075) had the lowest bond strength (8.88 N mm-1) while PU3 and PU4 at 70A with the smallest
CfreeNCO (-0.0024 and -0.0023) had the highest bond strengths of 19.53 and 20.94 N mm-1,
respectively. This result can be used as a direct comparison because the CfreeNCO takes into
consideration the CNCO, COH and mix ratio of each PU. PU1, PU2 and L3 with a fixed polyol type
followed Desai et al.’s finding of increasing hydroxyl number resulting in an increase in bond
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strength 67. A hydroxyl value of 309 for PU1 resulted in a bond strength of 14.00 N mm-1 , PU2‘s
276 resulted in bond strength of 13.84 N mm-1 and L3’s 214, 8.88 N mm-1.

7.6 Final PU selection
It is clear from ICP-OES, that the legacy PUs are obsolete due to the Hg content exceeding or being
near to the REACH restriction of 1000 µg g-1 with a wide tolerance given on the MSDS. It is also clear
from 13C NMR and FTIR that the legacy and replacement PUs PU1 and PU2 are PPGs while PU3 and
PU4 are PTMEGs. This polyol similarity is reflected in distribution and separation of phases, tensile
strength and thermal degradation properties, and to a lesser extent water absorbency and
compression set. It is apparent from bond testing that the reaction rate plays a key role and in place
of the snap cure provided by the Hg catalyst, a quicker polymerisation time is required, in the form
of a decreased gel time as suggested by Desai et al.

67

There also does not appear to be any

correlation between the electrical properties and chemistry.
Of the four replacement PUs investigated thoroughly in this research, PU3 is the most suitable
replacement. This selection also meets the criteria of replacing a few PUs with a single one, as
processing the separate components allows a variation in hardness from 55A to 75D.

7.7 Selection of processing equipment
PU3 and PU4 have very similar starting chemistry with similar values measured for most properties.
However, there is a lack of signals on the PU4 13C NMR spectrum, coupled with electrical properties
and the degradation of these contrasting vastly. These are both 4-part systems with a similar
catalyst which allows the reaction time to gel time to be fixed. With so many fixed parameters, the
difference in electrical properties further encourages the idea that the processing of the PU is
playing a key role. Hg catalysed PUs are often described as ‘forgiving’ and this could be what is
lacking in the Sn systems.
To ensure optimum properties are consistently achieved, reliable processing equipment is required.
This research suggest a PU taking in excess of 5 minutes to reach gel time coupled with a gradual
reaction is detrimental to the final bond achieved. Hence, it is imperative that at least the catalyst
addition is controlled or processed separately.
Consistency between CCA is partly dependent on the processing of the PU. The only requirement
requested by the company, was a minimum and maximum flow rate which resulted in the
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specification for pump and flow meter capacity and precision, as well as inner diameter of hoses.
This took into consideration the density and viscosity of each individual component. Most
importantly all components are sensitive to moisture and needed to be held in sealed tanks at their
respective optimum processing temperatures. To achieve this, multiple thermocouples are
installed throughout and all tanks are sealed and only exposed to dried air or nitrogen. Off-ratio
material can also be problematic hence the precision of the flow meter requested was 1 cm3 rev-1
on the larger volumes (polyol and diisocyanate) and 0.1 cm3 rev-1 on the smaller volumes (chain
extender and catalyst). The introduction of flow meters (which were not present when processing
the legacy PUs) allows a constant feedback loop of the machine making small adjustments to meet
the final total output and tolerance set on each component.
Various machine manufactures were approached, however the machine selected was a Polytec DG
133 due to the precision and the accuracy of the flow meters at small volumes. Polytec also have a
lot of experience producing this type of equipment while keeping each machine bespoke to the
chemicals being processed.

7.8 Conclusions
PU is still a very viable option as a protective overmoulding material in CCAs for the sub-marine
industry. It possesses good electrical and mechanical properties, is straight forward to process and
affordable. However, with the move away from Hg catalyst more control of the reaction rate and
consistent processing is required. Further improvements can be made by replacing the commonly
used PPG polyol-based system with a PTMEG one.
Analysis techniques such as FTIR and 13C NMR were instrumental in defining the starting polyol; ICPOES in quantifying the catalyst used and 19F NMR the polymerisation reaction to form the ideal
urethane function group. Tensile testing and compression set provided information on the
mechanical properties while short- and long-term immersion testing provided confidence that the
removal of Hg was not detrimental to the hydrophobicity or durability. Thermal analysis provided
data on decomposition temperatures as well as thermal transitions that could occur in the end use
environment. Coupling an ALT regime with techniques mentioned above and periodically
measuring electrical properties allowed a comparison of durability with the legacy PU.
Measuring of bond strength across 3 substrates (316L SS, cable sheaths and to itself) showed the
validity of company proprietary processes previously defined by Makama 50, the need to control
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the reaction rate and for the individual components to be maintained correctly and metered
effectively is also apparent.
A key finding of this research is that PTMEG-based PUs have superior mechanical properties to PPG
systems, this is shown by tensile strength, elongation at break, bond testing and compression set
measurements. With the removal of a Hg catalyst, PTMEG systems are more suitable for the submarine application so long as reaction rate is controlled.
These data are transferable should any of these PU systems become obsolete.

7.9 Recommended further work
1. DSC fine-tuning of test parameters and exposure gas: this would allow the
quantification of Tgs, Tms and any further thermal incidences.
2. TGA with FTIR combination: monitoring the functional groups affected at different
temperatures would give insight into how the PU degrades.
3.

19F

NMR of PR91: understanding the NCO:OH content of this adhesion promoter

used on 316L SS may have helped to interpret the high bond strength values
measured.
4. Further analysis of commercial replacement polyols showing no metal ions to
understand the catalysts used.
5. NIR, Raman, XPS/XRD of the individual components and cured PU.
6. A study of hydrophobicity and porosity of the cured PUs.
7. Varying curing process while measuring electrical properties, the electrical
properties did not seem to follow any pattern. Although all PUs reached full cure
before analysis, the macrostructure during curing could influence the electrical
properties.
8. Ageing at two further temperatures would allow the Arrhenius equation to be used
to calculate activation energies of deterioration for each PU. This would provide
long term durability data as opposed to the comparative durability data presented
in this research.
9. AFM and FTIR of aged samples: understanding how the chemical structure and
phases change during ageing would allow monitoring of PU in use and aid TeledyneImpulse-PDM in their continued efforts to provide long term solutions.
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