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ABSTRACT 

Polyurethane elastomers have demonstrated unusually excellent physi
cal and mechanical properties, but these advantages are considerably 
diminished at elevated temperatures •. 

This research was carried out to prepare thermally stable polyurethane 
elastomers. The investigation has led to methods of synthesising heat 
resistant castable polyurethanes. These polymers were prepared by 
~hain extension of a polycaprolactone diol/trans cyclohexane diiso
cyanate (CHDI) or paraphenylene diisocyanate (PPDI), as prepolymer 
systems, with a variety of diol and diamine chain extension agents. 
A further study concerned the use of a'large excess diisocyanate 
(10-50%) as a means of producing isocyanurate crosslinking in these 
polymers. This technique resulted in enhanced thermal stability. 
It is interesting to mention that the conventional PU system possessing 
typically 0-0.2% of free NCO has a maximum service temperature of appro
ximately l200Ci this is raised to about 2400C by the use of this excess 
diisocyanate technique. 

The occurrence of this enhanced thermal stability in polyurethane elas
tomers has been investigated by studying their morphology, using 
Dynamic Mechanical Thermal Analysis (DMTA) and Differential Scanning 
Calorimetry (DSC) techniques. 

Infrared analysis has shown evidence of hydrogen bonding and the extent 
of this hydrogen bonding was measured. Thermal analysis and X-ray 
diffraction data showed support for a phase separated morphological 
structure where hard segment interactions led to the formation of non
crystalline domains. 

Physical and mechanical properties of polyurethane elastomers were used 
as the criteria of their quality. 



i i i 

Measurements were made of ultimate tensile strength, elongation at 
break, modulus, hardness, tear strength, compression set, tension 

'set, hysteresis, density, crosslink-density, fatigue life, internal 
heat generation and hot air ageing. 

To evaluate the stability of these materials at high temperature, the 
tensile properties of some of the new polymers were investigated at 
elevated temperature. 
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CHAPTER 1 

1 A POl VURETHANES 

lA.l INTRODUCTION 

Polyurethanes, also referred to as "urethanes" refer to a relatively 
new group of most important class of polymers that have found wide
spread commercial application over the last thirty years or so. 
These polymers are manufactured in various forms including foams, 
fibres, surface coatings, a4hesives and e1astomers. Polyurethanes 
are characterised by the linkage' (A)l regardless of the constitution 

o 
11 

-NH-C-O- (A) 

of the rest of the molecule, although a variety of other structurally 
important groups, in addition to urethane, such as ester, ether, amide, 
biuret, allophanate and others may be present in the polymer chain. 

The history of urethane goes back to 1849 when Wurti first synthesised 
an aliphatic isocyanate by' reacting organic sulphates with cyanates. 
A number of isocyanates were prepared following his work,but much of 
the early development work dates back to as far as 1937 when Or Otto 
Bayer experimented with addition products of diisocyanates3• He dis
covered that the reaction between aliphatic diisocyanates and alipha
tic diols (glycols) went smoothly under reflux conditions to build 
linear polymers of high molecular weight4• In 1941, these materials 
were marketed as Perlon U, a fibre forming polymer, and Igamid U, for 
plastic moulding uses. Potential, was also shown for use as adhesives, 
foams, lacquers, coatings and synthetic 'leathers. In 1942 German patent 
No 728981 waspub1ished5, covering the basic principles of their work. 
By 1952 the vu1kollan class of castab1e polyurethane elastomers had 
been established. Vu1ko11an6 is .the original urethane rubber developed 
in Germany. This group of polyurethanes is based on the reaction ' 
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products of various diisocyanates and polyesters. Two major reviews 
of the work on the 'Vulkollan' developlilent have appeared in the litera
ture7,8 describing the variations of.composition possible and other 
effects on the properties of resulting materials. Elastomers with 
excellent tear and abrasion resistance together with high tens.i1e 
strengths and good oil resistance, are typical of the vulkollans, 
which form the basis of the majority of the present day polyurethane 
composites •. As well as solid elastomeric·compositions, polyurethanes 
have been widely developed to include foams (rigid, semi-rigid and 
flexible), surface coatings, plastics, adhesives, sealants and tex
tiles, and their properties depend.primarily on the nature of the 
intermediates9 employed, the degree of crosslinking in the molecules, 
and the method of fabrication. 

-
lA.2 FUNDAMENTAL CHEMISTRY OF THE POLYURETHANES 

The ability of the isocyanate group (-NCO) to react·with compounds 
containing active hydrogen, and with itself, forms the basis· of poly
urethane chemistry. Reaction ·of the isocyanate group falls into three 
main categories: 

a) Intermolecular hydrogen transfer reactions 
b) Self-addition reactions 
c) Mi sce 11 aneous reacti ons. 

a) Intermolecular hydrogen .transfer reactions 

The.isocyanate group is highly reactive towards compounds containing 
an active hydrogen atom and the carbon-nitrogen double bond of the 
isocyanate group·undergoes, ionic addition. reactions with a variety of 
functional groups which contain an active hydrogen atom. This is known 
as addition polymerisation by rearrangement of· the molecules lO • No by
products are given off unless water or a carboxyl group is present, in 
which case carbon dioxide gas is given off. The reactivity of the iso
cyanate group can be explained by·its electronic structurell : 
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.• + •• .•.. •• + •• 
R-N=C-O:~R-N=C=O: ;:::=R-N-C=O: .. .. 

The resonance possibilities indicate the electron density is greatest 
on the oxygen and least.on the carbon' resulting in the oxYgen having 
the highest net negative charge, the carbon having the highest net 
positive charge and' the nitrogen being intermediate with a net nega
tive charge. The reaction of isocyanates with active hydrogen com
pounds proceeded by the attack of .. a nucleophilic centre upon the 
electrophilic carbon atom, equation 1.1: 

R - N = C = 0 + B - H ... R - N~C=O ... R - N - f = 0 
t , I 
i : H B 
I I 

(1. 1) 

H···B 

attention here being focus sed on the most important primary reactions. 

Isocyanates react with. al cohol to give urethanes in the following 
manner: 

R - NCO + HO - R' ... R - N - C - 0 - R' urethane 
I 11 
H 0 . 

(1.2) 

This is the most important reactipn in the polyurethane preparation 
as the backbone polyols are OH terminated and also now·the most widely 
used chain extenders are .d-iols e.g. l,4-butanediol. The reactivity 
order of alcohols is: 

Primary > secondary. > tertiary 
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Isocyanate reacts with amines to form ureas: 

. 

R-N-C-N-R' 
1111 
H 0 H . substituted urea. 

(1.3 ) 

This reaction is particularly valuable in chain extensions of isocya
nate terminated prepo1ymers, forming urethane-urea e1astomers. 

Readtion 7Ji thwter: 

Isocyanate reacts with water to.give an unstable intermediate product 
of carbamic acid followed by amines and.carbon dioxide. The amine imme
diately reacts with additiona1isocyanate to form a sUbstituted urea, 
equation 1.4: 

.... [R - NH - COOH] carbamic acid 

[R - NH - COOH] ... amine 
( 1.4) 

R - NCO + H2N - R ... R- NH -If - NH - R substituted urea 
. 0 

The reaction of isocyanate and· water is. particularly important in low 
density flexible foam manufacture12 and moisture curing of one compo
nent isocyanate terminated coatings. The above reaction shows the 
importance of handling urethane raw.~ateria1s in perfectly dry condi
tions during the formation of solid e1astomers, in order to avoid 
undesirable bubble formation due to formation of carbon dioxide13• 
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Reaction withcarboxyZic acidS: 

Isocyanates react readily with carboxylic. acids, and the reaction 
proceeds via. an unstable intermediate (mixed anhydride) whose decom
position products depend on the type of isocyanate and carboxylic 
acid, yielding the corresponding acid amide with loss of carbon 
dioxide, equation 1.5: 

. ~ H 
R - NCO + R' -COOH ... [R-NH-C-O-C-R'] 

mixed anhydride (1.5) 
o 0 o 
11 11 11 

[R - NH - C - 0 - C - R'] ... R-NH-C-R' + C02t 

amide 

the reaction rate between carboxylic acid and isocyanate being depen
dent on the acid strengthll • 

Reaction7Ji thpheno Zs: 

Phenols are acidic and react more slowly.with isocyanates than do 
aliphaticalcohols, to form urethanes. Catalysts in the form of ter
tiary amines are usually required. 

(1.6) 

Reaction with "amides: 

Amides, and substituted ami des can also react under certain conditions
l
' 

with isocyanate to give acyl ureas, equation 1.7: 



R - NCO + R' - N 
I 
H 

6 

o 
11 

C - R" + R' -N - C - R" 
11 I 
o C-N-R 8 ~ acyl urea 

(1.7) 

Primary isocyanate,reaction products which still contain active 
hydrogen atoms. can react further with isocyanatesat elevated 
temperatures (above 100oC) or at lower temperatures i~ the presence 
of certain catalysts to form biuret and a110phanate linkages • . , 

H 0 
I' 11 

R - N ~ C - 0 - R' + OCN - R" + 

o 
11 

R - N - C - 0 - R' 
I 
C - N - R" 
11 I 
o H 

Urethane + Isocyanate + Allophanate 

H 0 H 
I 11 I 

R - N '- C - N - R' + OCN, - R" + 
R ~ 

R - N - C - N - R' 
I 

o = C 
I 

H - N - R" 

Urea + Isocyanate, + Biuret 

(1.8) 

Both reactions are potential cross1inking reactions. but the biuret' 
linkage is of greater practical importance because urethanes are less, 
reactive to isocyanates than are ureas. 
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b) Self-Addition Reactions 

In addition to the above mentioned reactions, isocyanates can react 
with themselves under certain catalytic conditions. The four most 
important reactions of this type are as follows: 

i) Linear polymerisation: 

The linear polymerisation of isocyanates is obtained in a· manner simi
lar to vinyl polymerisation with anionic catalysts (such as sodium 

m 
cyanide in N,N-di~thyl formamide). at.temperatures of -20oC to -lOOOC). 
However, this reaction is usually not observed.in normal urethane 
polymerisation reactions14• 

n R - NCO low temperature) 

ii) ·Carbodiimide.fo~ation: 

o 
11 

-4- ~ - C tn nylon 1 
R 

(1.9) 

Isocyanates condense easily to form carbodiimides with evolution of 
. carbon dioxide15 • The reaction occurs easily·on heating but the 
products react wi th further .. i socyana te, duri ng and after cool i ng, to 
yield a SUbstituted uretonimine. Traces of·uretonimine are·thus 
present in many modified isocyanates. 

~H3 (phospholenoxide) 

O""~ 
2 R-NCO hlgh temperature'" R - N = C = N - R + C02t 

carbodi imi de' 

R - tl = C = N - R + R - NCO ... R - N - C = N - R 
I I 

o = C - N - R 
uretonimine 

(1.10 ) 
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Carbodiimides are used as anti-hydrolysis additives in polyester 
based urethanesJ6 • 

iii) Dimerisation: 

Dimerisation of isocyanates takes place in the presence of pyridine 
giving rise to uretidione rings. This reaction is an equilibrium 
reaction and can be reversed by heat. ,equation 1.11: 

R - NCO + OCN - R 

Dimerisation 

iv)Ti'imensation: 

o 
11 
C 

pyridine / "-
~, ===!!' R - N" /N 

C 
11 

Ureti dione o 

- R Xl.ll) 

Trimerisation of is6cyanat~takes place in the presence of a basic 
catalyst such as sodiummethoxide or a strong organic base giving 
rise to isocyanurate rings17. 

strong 
3 R - NCO base) , 

11 

R /C R 
\"-.1 

N N (1..12) 
I I isocyanurate 

}"-. /C~ 
ONO 

'I 
R 

Both uretidione and isocyanurate formation are important in isocyanate 
chemistry. but isocyanurate formation is significant in a wider range 
of polyurethane app1ications18. Isocyanurate structures are extremely 
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stable to both thermal and hydrolytic attack, and decomposition does 
not begin until well above 300°C. 

c) Miscellaneous Reactions: 

Although the, reactions covered above are the most important reactions 
in polyurethane formation, the isocyanate group can take ~art in many 
other types of reaction19: 

iJ ' Red.dtiOnwith S-H groups: 

Sulphur compounds react with isocyanates in a similar manner to their 
oxygen analogues. Hydrogen sulphide for example reacts similarly to 
water. 

2 R - NCO, + H2S + R - NH - R - NH - R + COS 
o 

Similarly mercaptans give thiourethanes. 

R - NCO,+ R' - SH +R - NH - C - S - R' 
11 
o 

UJ ' 'Fl'ie<UZ-'-Crd.f!;s 'and 'GringntLrdreadtions: 

1.13 

1.14 

Isocyanates react to form ami des under Friedel-Crafts conditions in 
the presence of aluminium chloride. 
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R - NCO +0 A1Clj 
... • R - NH - N ~ 
. o~ 

(1.15) 

Reaction with Gringnard reagents also occurs under relatively mild 
conditions. 

. R - NCO + R'MgX + 

. 

R - NH - C - R' 
11 o 

iii) Beaatwn.with :unsaturated ·aompoWids: . 

Isocyanates react with unsaturated groups.such as the nitroso or 
aldehyde groups. 

R - NCO + R I NO 120
o

C) R - N - N - R' R N N R I CO t I1 +-=-+2 
O=C-O 

iv) ·Redction·with haZogens:. 

(1. 16) 

(1.17) 

Chlorine and bromine form addition products with isocyanates, followed 
by rearrangement to yield chlorinated (brominated)- carbamoyl chloride 
(bromide). Hydrogen chloride is removed at higher temperature. 
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Cl Cl NH - C - Cl 
I I 

o~ 6 
~ - C = 0 

+ C1 2 
250C 0 • 

I 
Cl 

NH -c - Cl 

o~ 
Cl 

NCO 

Q + Hel 

Cl 

lA.3·CHEMISTRY OF POLYURETHANE ELASTOMERS 

Elastomers with a high level of mechanical properties are usually 
based on block copolymer systems having alternating flexible and 

( 1.18) 

rigid segments in the polymer chain. The flexible segments are com
posed of polyols, generally polyether or polyester, while the hard 
segments are made up of urethane or urea units formed by the reaction 
of diisocyanate with diol or diamines. Therefore, polyurethane elasto
mers are· prepared from three basic raw materials, such as diisocya
nates (aromatic or aliphatic), polyols (polyether or polyester), and 
chain extenders (diamine or diol). The feedstock of basic raw mate
rial for polyurethanes. is petroleum. \ 

lA.4·RAW MATERIALS 

lA;4.1 Oii socyanates 

The most widely used diisocyanate in elastomer manufacture are the 
isomers of 2,4- and 2,6-toluene diisocyanates (TOI), in a ratio of 
80:20 or. 65:35; 4,4'-dipheny1methanediisocyanate (MOl) and its a1i
phatic analogue 4,4'-dicyc10hexy1methane diisocyanate (H12MOI); 1,5-
naphthalene diisocyanate (NOI); 1,6-hexamethylene diisocyanate (HOI); 
xy1yene dii socyanate; , and l-i socyanato-3,5 ,5-trimethyl-5-isocyanato-
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methyl-cyclohexane (isophorone diisocyanate)'(IPDI). All these iso
cyanates are generally prepared by reaction of the corresponding'amines 
with phosgene in an inert solvent like ortho dichlorobenzene at 
temperatures of 25-1000C, via a number of intermediate steps., This 
is at present the most widely commercially used method for the'manu
facture of isocyanat~s, equation 1.19: 

COC1 2 HCl 
R - NH2 ),RNHCOC1, - ) R - NCO Phosgenation (1.19) 

Other preparative methods include the Curti us, Hoffman and Los'sen" 
rearrangement reactions, which may involvet~itrene as an ,intermediate, 
are not satisfactory for large scale operation. Although the use of 

. , j 

azides is hazardous, the Gurtius rearrangement of an acid azide can be 
considered next in import~nce 'to the phosgenation reaction20 • 

R - C - Cl 
11 
o 

NaN3 -N" 
-~) R - C - N3 _-=2,+, (R - C - N, ... R - NCO 

11 11 " o \ 0 /' 

(1 .20) 

The Hoffman rearrangent involves the reaction of an amide with sodium 
hypobromite in aqueous solution. 

R - C - NH 
11 2 
o 

NaOBr ~ R - C - NHBr 
11 
o 

---=-Hc:,:B:.:,.r ..... R - CON ... R-NCO (1;21) 
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The loss en rearrangement involves the rearrangement of hydroxamic 
acids in the presence of thionyl chloride. 

. NH OH 
R - COOR' 2 

-H 0 . 
~ R' OH + R - C - NHOH _=-2 00+. RCON ... R-NCO 

11 o ' 

The structural formula of industrially important diisocyanates is 
given in Appendix 1. 

lA.4~2 Polyols 

The two different types of polyols, polyester or.polyether, are 

(1.22) 

widely used as intermediates in the manufacture of all· types of'poly
urethanes and the choice of.polyol strongly influences the final 
properties of urethanes. In general, polyesters provide better 
mechanical properties than the polyethers which yield more hydroly
tically stable polyurethanes.HYdbxy",polyethers, which are obtained by 
alkox)llation, are used in far greater quantHies than hydroxy-polyesters 
obtained by esterification2l .Polyols may have. molecular weights of 
the order of 500-3000, be crystalline 'or amorphous. contain atoms or 
groups which contribute,to molecular flexibility or stiffness, and be 
1 i near or branched accordi ng to the requi rements for use.· 

. lA •. 4.2.1 Polyesters 

The polyesters are usually prepared by reaction of dibasic acids with 
excess diol's. The most common raw materials used in polyesters for the 
urethane polymers are adi pi c aci d, sebaci c or phtha 1 i c aci d wi th ethy
lene glycol, l,2-propylene glycol, and·diethylene glycol, where linear 
polymer segments are required, and glycerol, trimethylol propane , penta
erythritol, and sorbitol, if chain branching or ultimate crosslinking is 
sought. 
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For the preparation of the polyesters, conventional methods of po1y
esterification are used. As the polyesters are required to be hydro~l 
terminated, it is usual to react an excess of.the stoichiometric amount 
of the glycol with the acid. 

(n+1)HO-R-OH+nHOOC- R' -COOH.., HO-£-.RO-C-R' -C-ot- R-OH 
11 11 n . 

.·00 

(1.23) 

. This esterification reaction results in a mixture of low molecular 
weight polymers. Continued reaction at high temperatures and, in some 
cases, reduced pressures leads to.the elimination of some glycol with 
the formation of higher molecular weight polyesters. 

HO-£- ROC - R' C - 0 t-:R - OH + HO-fROC - R' - C - Ot-:R - OH 
. 11 11 n' 11 11 

o 0 0 0 
... 

HO-f- R-O-C-R' -C-O]-[R-.O-C-R' -C-ot- R-OH+R(OH)2 
.. 11 11 n 11 IIn 

·0000 
. 

(1.24) 

Another type of polyester which is of interest in the field of solid 
polyurethanes is po1ycaprolactone, which is.obtained by·the addition 
polymerisation of £-capro1actone in· the presence of an initiator. 
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HO-R-OH + 2n CH2(CH2)4CO ~ HO -t (CH2)SCOO ~ R -fOOC(CH2)S)t- OH 
"0/ .n n 

(1.25) 

In some cases, copolyesters are employed to.overcome the cold hardening 
effect in the final elastomer which occurs due to crystallisation., 

-lA .4.2.2 Polyethers 

The polyethers are commercially the most important of the polyhydroxy 
compounds used to prepare polyurethanes. They are generally prepared 

- by catalytic polymeri sati on of-the- epoxi de group in the- al kyl ene-oxi de----
. with suitable initiators. 

CH3 
bas e ca ta 1 ysts, H -+ 0 CH2~H +-- qH 

n 

Polypropy1ene glycol 

(1.26) 

The first po1yether designed specifically for preparing polyurethanes 
was apo1ytetramethylene glycol derived from.tetrahydrofurane. 

catalyst 
---~~ H l 0(CH2)4 +-- OH 

n 

Po1ytetramethy1ene glycol 

(1.27) 
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The catalysts used are Lewis acids and bases and salts. For the manu
facture of polypropylene glycols, the catalyst· is usually" sodium 
or potassium hydroxide in aqueous solution, although sodium methoxide 
potassium carbonate and sodium acetate are also·used22 • A polymeri
sation initiator is employed to. control the type of polyether produced. 
Bivalent glycols (ethylene-, propylene-, diethylene-, and dipropylene-) 
can be used as initiators.in the manufacture of difunctional polyethers, 
whereas trivalent or multivalent alcohols (trimethylolpropane, glycerol, 
pentaerythritol,sorbitol, etc) are general initiators for trifunctional 
or multifunctional polyethers. In general polyether glycols are light 
coloured viscous liquids. They are non-volatile and soluble in common 
organic solvents. 

"'-." - W:4:TChain-Extenders'--~~' -" --"~"~'''-' --''- '~"'-'- '

There are many glycols and diamines which are used as chain extenders 
in the manufacture of solid polyurethanes and the most' widely used 
chain extension agents are.l,4-butanediol and MOCA23 (3,3'-dichloro-
4,4'-diaminodiphenylmethane). 

MOCA is manufactured by ,the condensation of ortho-chloroaniline with 
formaldehyde in acid medium: 

~l O' ,,cl Cl d 
H2N-ft + H-C-H +!'/\\-NH + H N-~-CH - 'I \ -NH +H 0 \d-. "=/- 2 2"=J- 2_ 2 2 

(1.28) 

The condensation is started at low temperature, which is gradually 
increased to about 800 C. After reacti on the mi xture is made a 1 ka 1 i ne, \ 
washed with water, filtered and dried. 
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The manufacture of 1,4-butanediol involves the high pressure hydro
genation of 1,4-butyne'~ione using a nickel-copper-manganese cata
lyst. The 1,4-butynediol is obtained by the reaction between acety
lene and formaldehyde24• 

o I1 --- --...... 

HC ;; CH + '2H -C - H .;. HO - CH2 - C ;; C - CH2 - OH 
I 

(1.29) 

------~ 

lA.4.4 Catalysis 

The purpose of catalysts in polyurethane chemistry is to accelerate 
the reaction rate, reduce reaction, time, and achieve a balanced reac
tion rate in the system where various reactants differ widely in 

yc~,activity. The catalysts usually employed in polyurethane synthesis 
are: acids, bases and metal compounds such as tin and mercury. 

Acids accelerate the chain extension mildly but retard the crosslinking 
reactions. The only reaction strongly catalysed is that with water 
which ideally should not be present in solid polyurethanesll • Due to 
its selective action acid halides e.g. p-nitrobenzoyl chloride or 
benzoyl chloride can be usefully employed as a stabHiser for polyure
thane prepolymer systems25• 

Bases accelerate all the.isocyanate reactions and, in general their 
catalytic effect increases with increasing strength of the base. 
Tertiary amines are relatively more powerful catalysts due to the 
accessibility of their nitrogen atoms and lack of steric hindrance e.g. 
l,4-diazo- [2,2,2J-bi cyclo-octane ,(DABCO). 
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The tertiary amine catalysis is thought to proceed as follows26 

R-NCO + R'3N ~ R-N=C-O~ R-N-C=O 
. + + 

NR3 NR3 
+ + 

(1. 30) 

R"OH 

By the base catalytic.reaction.an isocyanate-base complex is formed, 

which then reacts with. the alcohol and gives the urethane27- 29 • 
• 

Although many organometallic. compounds have a.catalytic effect on 

reactions of the isocyanate group, organotin compounds. are extremely' 

effective catalysts and usually preferred, for use in polyurethanes. 

They include stannous octoate,. stannous. o~eate, dibutyltinj dilaurate, 

and, dibutyltin di-2-ethylhexoate. Cata'Lysis by metals such as tin! 

has been explained by the formation of ternary complexes30-3l • Other.' 

explanati'ons32 are based on the formation of. bridge ,complexes between 
metal-alcohol and metal-isocyanate. complexes. However.the most widely 

used catalysts commercially available in polyurethane.processes are 

tertiary amines and organotin compounds, 
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li\~5 SYNTHESIS 

The tenn block ratio (NCO/OH ratio) is frequently used in the synthe
sis of polyurethanes as a basis of. controlling the synthesis and' 
relating the stoichiometric. proportion of starting materials with 
that of final physical properties. The stoichiometric efficiency 
between reactants is known to proceed with 100% efficiency and hence 
the reaction of diisocyanates with hydroxyl groups is carried out 
using a seiected molar ratio or block ratio of NCO/OH to produce a 
urethane of predetennined structure. For example a polyurethane 
based on the 1:2:1 ratio signifies the. stoichiometric equivalent 
weight ratio by which the polyol. the diisocyanate and chain' exten-. 
ders are respectively reacted to give the final product. 

The techniques commonly.employed in the synthesis of polyurethanes 
"are: 

a) prepolymer 
b) semi- or quasi-prepolymer 
c) one-shot. 

a) Prepolymer. 

Most commercial' solid polyurethane elastomer systems are based on the 
prepolymer technique and the prepolymer route is by far the most widely 
used and provides better handling. controlled processing and consequently 
better properties. The prepolymer .is obtained by reacting a long. chain 
polyol (polyether or polyester).with an·excess of diisocyanate to give 
an isocyanate-terminated polymer of moderate molecular weight, which in 
the second stage' can be chain-extended with low molecular weight diol or 
diamine to'yield the final product. A typical prepolymer reaction can 
be represented schematically as follows: 
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OGN - R - NCO 
diisocyanate 
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+ • HO 'IIIivvvvvvvvvv OH 

I . polyol 

R H 
OCN - R - NH - C - 0 ~ 0 - C - NH - R - NCO 

prepolymer 

( 

(1. 31 ) 

The prepolymer. can be prepared either .by melt. polymerisat,ion or solu
tion polymerisation. In ·melt polymerisation. the predried.diisocyanate 
and a polyol at NCO/OH ratio greater than one, are mixed in molten 
form with vigorous stirring •. As with other chemical reactions, tempera~ 
ture, time and rate of mixing are very important variables to control 
the reaction and achieve desired end product properties. The prepoly
mers are relatively stable high viscosity liquids or low melting solids 
at room temperature, which should be stored in the dark under nitrogen 
to prevent photodegradation, dimerisation or moisture contact with NCO 
groups. 

Further reaction of the prepolymer with chain extension agent (low 
molecular weight diol or diamine) proceeds to give 'a higher molecular 
weight, soluble or insoluble polymer.. 'oiols are comparatively less 
reactive than diamines and sometimes.necessitate the use of catalysts 
which should be added to the prepolymer before mixing •. As the pot life 
of melt· polymerised, urethanes is short.the reacting mix is quickly cast 
into a mould after mixing. The cast urethane is then cured 'in an oven 
in the temperature·range 50-1200C for several hours. A typical chain 
extension reaction with diol and diamine are schematica,l,lY'shown below33: 
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R R 
OCN-R-NH-C-O 'IIVVIIIIU O-C-NH-R-NCO + HO-R '-OH ---+ 

urethane urethane , \ , \ 
DiD' '101 0 
11 '11 \ till 11 

-f- O'llllV\lV\,()-C-NH-R-NH-C ..:.f O-R '-O-C-NH-R-NH-C) ] 
, i n-l 
: I· 

i .." ~ 
soft 
segment 

hard segment 

Reaction of prepolymer with diol 

o 0' 
II . . \I 

OCN-R-NH-C-O ~-C-NH-R-NCO + H2N-R'-NH2 • 

urethane urea urea 
! 0 ;. ,,/. 0 \ 0 \ 0 

.... ·11' 11' It, 11 
-f- O~-C-NH-R-NH-f C-NH-R'-NH-C-NH-R-NH-C) 1 

i i n-1 
soft I hard segment • 
segment 

Reaction of prepolymer with diamine 

(1. 32) 

(1.33) 

The technique. of solution polymerisation is similar to melt polymerisa~ 

tion, except that the process is carried out in a common non.;.reactive 

solvent. Although .the properties of polymers are not good as melt 

polymerisation,. this,technique has the following advantages over melt 
pOlymerisa~ion34: 

1. Possibility of using high melting points and highly reactive 

diisocyanates and chain extension agents; 
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2. Rapid and efficient dispersion of reactants; 

3. Overcome the. disadvantages of.short pot life; 

4. Easier casting to form thin film by solvent evaporation. 

b) Semi-prepolymer 
\.' . 

The semi- orquasi-prepolymer method is also used in some cases. In 

this methodonly.part'of the polyol (polyether. or polyester) component 

is reacted w;-~h all of the diisocyanate to form the semi- or partldl 

(quasi) prepolymer. This prepolymeris then reacted with the remainder 

of the polyol which was. mixed with chain extenSion agent, .to give .the 

final polymer. 

c) One-shot 

The one-shot system basically. involves the simult"aneous mixing together 

of ~toichiometric quantities of polyol , .. diisocyanate .and chain extender. 

In practice the polyol and. chain extender are first mixed, dried and then 

added to diisocyanate. There is no control over the reaction priority, 

hence random polyurethane structures are produced. Sometimes for solid 
. polyurethanes one-shot.'; systems are used, due to economical reasons in 

the production of segmented thermoplastic. materials where the three 

starting ingredients are mixed. and extruded in.a continuous process, 

but generally this te'chnique is used more in the production of foam 

than elastomers (e.g. the reaction injection moulded or.'RIM process). 

Iechniques common in the synthesis. of polyurethane elastomers are' 

depicted below: 
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Prepolymers Quasi prepolymers . One-shot systems 

I 
Diisocyanate 

I I 
Polyol Diisocyanate .. Polyol 

. I 
Polyol' Diisocyanate Chllin 

t 
(Part A) 

t 
. extender 

f' 
.. Quasi-pre

polymer 
Polyol. (Part B) . Chain 

Prepolymer . Chain 
~nder. 

Final polymer . 
',I 

. Final polymer 

.... extender 

Final polymer 

FIGURE 1.1: Schematic. Representation of .Preparation Techniques for Poly
. urethane El astomers 

lA.6·· CLASSIFICATION OF POLYURETHANE ELASTOMERS 

On the basis of their processing characteristics polyurethane elastomers 

fall into three main categories: 35 

·1. Castable polyurethanes 

2. Millable polyurethanes 

3. Thermoplastic polyurethanes. 

lA~6.'1 Castable Polyurethanes 

Castable polyurethanes are by far.the largest class of polyurethane 

elastomers presently' used and can be manufactured by either .the prepoly-

- mer or' one-shot; route 36. The fabri cation techniqlJes inclt:de open 

. casting, centrifugal and rotational casting', compression and transfer 
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. moulding from plasticgum~ spray coating either reaction or solvent 

. techniques,' and reattionirijection moulding. BY'variation of the 
three major ingredients-(polyol, diisocyanate and chain extender), _ 

. '. cast elastomers manufactured -by the techniques mentioned cover a wide 
.. - ":'range of physical properties. They vary from very soft gelatine like 

, materials, tohard·-products.Of outstanding strength.:Theyalso exhibit. 

excellentoi 1 and abrasi on resi stance .. Because oftheseo'utsta~di ng 

properties cast elastomers have found. successful applications as solid 
tyres for indl~:;trial vehicles, rollers, especially those used in the 
printing industri7, pulleys, bearings, gear.wheels and other articles 
which could be produced conveniently by injection 1i10ulding~ 

lA.6.2Millable Polyurethanes 

Millab;e polyurethane elastomers are ccmposed.of the storage-stable 
millable gums. These 'are .essentially based on the prepolymer concept 

described for cast polyurethane elastomerz. They are rubbery in charac
ter but require processing on conventional rubber machinery with curing 
agents. Crosslinking can be effecte,(either.-bY the addition on the mill 

of morediisocyanate, peroxide or.sulphur. Fillers.such as carbon black 
can also be added on the mill, and the ~Ihole process including the high 
temperature press cure; is.analogous.to the manufacture of conventional 
rubber. products. The properties. of the final product are inferior in 

strength to those from the castable polyurethanes. but have superior 
compression set and creep. The millable urethanes.havemainly been 
used for product~ which could not be satisfactol"i1y produced using the 
cast systems, for example, thin walled flexible gaiters. diaphragms and 

other s imn ar components most cas ily manufactured by compression and 
similar mouldingtechniques38. 

- .lA.6.3 Thermoplastic Polyurethanes 

Thermoplastic polyurethane .elastomers are a relatively recent develop
ment in the .field of polyurethane technology. They' are typically formed 
as the reaction product of a diisocyanate'with a hydroxyl~; terminated 
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polyether or polyester polyolandalow molecular weight glycol chain 
extender. The NCO/OH ratio is kept;at_l.Oso'that:no'crosslinking 

between the chains occur' or chain, branching',results. Thermoplastic 

• polyurethanes are defined as materials having elastomeric properties 

at ambient,temperatures but they are, readily fabricated at elevated, 

temperatures' bysu~h melt-processibletechniques as injection moulding 

,or, extrusion which are' characteristic of plastic materials. The out-

standing characteri stics of thermoplasti c urethane are excell ent abra

sion'resistance, high ,tensile strength and elongation,with re'latively 

,Iow permanent set, 'high tear stnength, low compression ,set, envi.'on

'mental and chemical :resistance, flexibility"at low temperatures and 
high load bearing capacity39. Owing to their excellent mechanical 

strength and ease of processing thermoplastic polyurethanes have found 

viidespr'ead application in exterior automotive body, parts, cable jack

eting, industrial hose,tubing, gears, seals, belting, ski boots and 
wheels. 

. ., ..... 

The following Table lA.1 shows the variety of systems and ,applicai;ions 

of polyurethane elastomers. 
--; . 
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TABLE lA.l: The variety of systems and application of polyurethane 
, elastomers ' 

, 

Polyurethane elastomers 
, " 

',' Processing and main appl ication 

, 

',', I Liquid system I I Solid system I 
I 

, 

, 
-/~ Millable types Thermoplastic 

products 

- Mouldable and For injection' 
for extrusion' moulding and 
(conventional' , extrusion 

, 

method of articles for I -rubber i ndus- motor car 
try) articles and industry 
for motor cars applications 
and industry 
applications , 

, 

" 

Castable for Castable for Castable for Sprayable Compositions for 
hard grades cellular " soft grades composi- caulking and 

grades tions sealing 
, 

, 
, -- I 

65-99 Shore Heavy foams 20-40 Shore linings e.g. for ceram"ic 
A with high I' A for pro- pipes' , 

General load bearing Printers tection 
enginee- capacity for rollers against 
ring like damping ele- corrosion 
coupling ments and wear 

" 
, 

I mouloeo artlcles I 
70 Shore A 

, 
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lB: GENERAL STRUCTURE-PROPERTY RELATIONSHIPS .IN POLYURETHANE 
ELASTOMERS 

lB.l INTRODUCTION 

.Polyurethane elastomers are ,block . copolymers with relatively inHexible 
regions containingsh~rtpolyurethane segments)interspread between long 
and flexible polyester or polyether sequences. The latter structures 
give the materials their elastic quality, while the·former provide 
sites for intr,,"11l01ecular ties through secondary bonding. It is these 

, interactions which give these materials retention of useful moduli 
particularly at elevated. temperatures. due to their intermolecular hydro
gen'bonding properties. These different sequences are termed the hard 
and sOft segments of polyurethanes with the flexible polyester or poly-

" ether regions being the soft segments. 

Polyurethanes can contain a high concentration of polar groups, in 
particular. the urethane groups resulting from isocyanate-hydroxyl 
reactions, as.well as ester, urea and'other gri;lUps. The interactions, 
between these polar entities are of great importance in determining 
the properties of polyurethanes of all types, and especiafly the poly
urethane block copolymers where local. concentrations of' polar groups 
occur together. Such strong polar interactionsin.polyurethane block 
copolymers can lead to a supra-molecular organisation resulting in 
aggregated structures, which may be in the'form of glassy domains or 
crystallites. /l,n empirical estimate of.the energies of interactions 
between some common groups can be seen in Table lB.1, and the high 
cohesion energy of the urethane group will be noted. The summed inter
actions-between hard segments containing many urethane groups can be 

, great enough to provide a pseudo cross1inked network structure between 
linear polyurethane chains'by.means of hydrogen bonding and dipo1e-, 
dipole interactions, .so that the polymer has the physical characteris':' 
tics andmechanical'behaviour at room temperature of a covalently cross-

.' 1 inked network. 
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TABLE lB;l: Estimated Cohesion Energies of Common Groups "in Urethane 
Elastomers 

Group Energy of Cohesion 
.' kJ.mole- l 

-- . .. 

, . 

Met~ylene . - CH2 - ~ 2-'~ 
Oxygen· - 0 - ~A8 '1-' l...--. 

0 
11 

Carbonyl - C - 11.10 

0 
IJ 

Carboxyl - C - 0 - 12.10 
, 

Pheny'-ene -'C H -6 4 . 16.30 

" 0 H 
\I I 

Urea - C - N - 35.30 

0 H 
\I I 

Urethane -O-C-!'l." 36.60 
. 

The hard segments. in polyurethane block copolymers;particularly affect 
the physical' properties i.e •. modulus,hardnessand'tear strength, and 
. determine. the upper use temperature bythei r ab;l ity to remai nassoe;i a-
· ted at ·elevatedtempet·atures.The flexible blocks. primarily influence 

the elastic nature of the product and.its1ow temperature peformance, 
.andthey make important contributions towards. the hardness, tear strength 
and modulus. 

1 B ~ 2 .. MORPHOLOG I CAL . STRUCTURE, IN POLYURETHANE· ELASTOMERS 

The morpho1ogy'and properties. of polyurethane block copolymers have been 
subjected to extensive investigations over the past decade40-45 • Phase 
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separation of the urethane hard segmentsintomicr:oregions, termed 
domains, has ,been observed eVen when"the ,segment length is relatively 

short. The primary (drive "forc;> for domain formation is the strong -\-
'----',~ . ..:--- . ,.. 

'. , intermolecular interaction between the urethane units which are" 

"usually aromatic and have the capability.of ,forming 'interurethane 

, " hydrogen bonds. 'Additional factors which affect the degree of micro

phase separation are segment length, copolymer composition, crystalli":·', 

zability of either segment, and the method of sample fabrication. Hard 

segment domains' can' consist of semicrystalline or glassy segments. 

They are separated by a rubbery matrix which is rich in soft segment 
though thi s softphase may contai n some hard seglr.ents due to incomplete 

• microphase separation. Typical structures which result from the hard, 

and sof~ segment combination are shown in Figure lB.l: 
." .,~. 

"'---~"" 

<= 
o 
.~ .... 
U 
QJ ... 

~ __ .:;..:'--:/lHard segments 

~L 
<= 
.~ 

.c: 
u .... 
~ .... 

VI 

'·FIGURE1B.l: 

""It--'---~SOft segments 

Hard and Soft Segments in Polyurethane Elastomer 

The structure and organisation of the hard segment blocks have most 

influence on the physical and mechanical properties. Clough and 
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Schnieder40 have summatis'edthe evidence' indicating that in certain 
elastomeric systems the'hardsegments undergo.phase separation into' . 
regions which are now termed domains.' Work by'Clough, Schneider, and 
King41 using differential scanningcalorimetry,thermomechanical 
analysis and.small. angle X~ray scattering,provides further evidence 
for'both crystalline and non-crystalline domains in.various elastomers., 
Phase separation occurs to a larger 'extent in polyether based poly- )(. ' 

. urethanes than in those with a polyester soft segment40 • 

'As previously described the urethane group is a highly polar group 
which is associated with a.,highenergy, of cohesion and is capable of 

. forming hydrogen bonds. The extent and.possible forms of hydrogen 
bondirig;is dependent on manY'factors .including.the electron donating 
ability, relative proportions and special arrangements of the proton
acceptor groups in the, polymer chains. The groups which can function' 
as proton-acceptors in the formation of hydrogen bonds are the carbonyl 
groups-of the urethane and ester groups, ,and .. the ether oxygens52 • 
Typical hydrogen bonding will, take place at ~ster-urethane, ether
urethane, and'urethane-urethane linkages as'shown in Figure lB.2. 

Seymour et a1 46 have'concluded that essentially all .the NH groups 
involved in hydrogen bonding in bothpolyether (PTMG) and polyester 
(PTMA) polyurethanes are.derived from· MOl and butane diol. It was 

. estimated that about 60%.of the NH groups in the polyether system were 
associated with the hard block urethane.carbonyls(urethane~urethane 
hydrogen bonding).,The rest ,being associated with the soft block ether 
oxygens'(urethane-ether hydrogen bonding). Because'of several unresol
ved peaks in the carbonyl' region of ,the spectrum of the polyester poly
urethane it was not possible to assess the relative contribution made 
to the hydrogen bonding ·in such systems. by the two potential acceptors, 
ester and urethane carbonyl, Figure 1B.2. However the degree of phase 
separation would be expected to be less with the more polar polyester 
than polyether and:this ,WOUld give rise to a lower level of urethane-

, urethane bonding than the 60% observed with the polyether48• The degree 
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FIGURE1B.2: Diagrammatic representation of hydrogen bonding: 
. a) . ester-urethane . 

b) ether-urethane. 
c)urethane-urethane. 
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to wh i ch the hydrogen bondi ng contri butes to '.' the phys i ca 1 . properti es 

of the polymer is uncertain. It;.is 'believed. that hydrogen bonding 

decreases as temperature increases. However., ,.i t is observed that 

even at 2000C there is still some hydrogen bonding present46 • 

Other similar studies on polyurethane49 and polY(Urethane-urea)50 

, block copolymers support.the view of incomplete segregation of the 

blocks. These general conclusions are further reinforced by many 

studi es of tlJe' therm'a 1 and thermo-mechani car' behaviour of polyurethane 

block copolymers5l • 

Thel~mal analysis techniques53 ,54 have been widely used to determine 

the ext~nt of polymer. chain interactions and' phase separation in 

polyurethane elastomers •. Among them.,differential .scanning calori

me try (DSC) has been the most widely.used technique, and generally 

the observed transitions fall into 'three. main groups: low temperature 

transitions (below -30°C) associated with the glass transition temp

erature of the soft block; transitj.ons. in the"region 80-l500C; and. 

higher temperature transitions (above l60°C) 'associated with'.the ther

mal dissociation of the hard block. aggregates which may be crystalline 

or paracrystalline. 

The endcitherms occurring in the region of 800C are usually ascribed to 

the dissociation of. the urethane soft block hydrogen ,bonds and those 

. , 

in the region of1500C to the break-up of.urethane hydrogen bonds40 ,54,55. 

It was found by Seymour56 'that annealing history will cause some increase 

in soft segment transition temperature from OOOCto l500C. Athigher 

annealing temperatures this.transitionisitself moyed and'it even~ 

.. tually merges with::the transition above1600C associated with the break

up.of.the hard block aggregates. Itis considered that·the endotherms 

. observed in the DSC traces can be attributeA ,to the loss of long and 

short range order. Different.degrees of short. range order may exist 

simultaneously due to the distribution of hardb·locklengths. The 

\ short range ordering may. be continuously improved by annealing as shown 
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· by the merging of ,the endotherms. The thermal behaviour of the 

· hydrogen bonds 'is insensitive. to the degree orordering present and 

is affected primarily by'the Tg of the hard block. Hydrogen bond 

dissociation only occurs above the'Tg, of the."hard block; For. a pure: 

. '. MDI/butan~ diol homopolymer this Tg is· kno~ to bel09oe57 , but 

becau~e of the short block lengths . in polyurethane copolymers it is 
, ~", . " 

usually somewhat lower thar. this (SOoe,for the:samples examined by 
· Seymour) and for a given chemical composition, is very dependent on 

· the hard block length. 

Another feature of polyurethane elastomers whicli is worthy of mention, 

is·elongationcrystallisation. Segments that are essentially amorphous 

in the isotropic undeformed state may.develop,crystallinity, upon .. ~ . . 

deformation (Figure.1B.3). This phenomenon iscOll1l1only.referred ' to 

as "stress induced crystallisation" and its result, is to produce 

excellentultimateterisile strength properties. The fact that some 
polyurethanes e.g. those.based. onpolycaprolactone exhibit high tensile 

} 

strength,and excellent wear and abrasjonresistance, is' attributed to 
....", . 

the ability,of the soft, segments to stress crystallise. The phenomena 

can be usually observ,!'!d ~fi~n the pol er is elongated during tensile 

testing by the appearance of stress ~~~l~n.fi)~' 
·~ii"e.t..-~~~ .. 

. The extension and subsequent relaxation processes in an elastomeric 

polyurethane block copolymer probably involves. orientation and restruc

turing of the molecular organisation ,initially present5S• Upbn a 

. limited elongation, stress induced crystallisation of the soft segment , ' 

may occur .. In·the case of po1yether based elastorners, extension beyond, 

,approximately 150% gives rise to marked elongation crystallisation of the 
. . ~ . ...' ' 

soft segments. Poly~erbased elastomersshowa.:lower level, of crystal-

line ' order, presumably due to . the more .irregu1ar chemi cal structure 

present. In their case ,as the e1astomer.is further elongated up to 

500% extension, the orientation of ,soft segments improves only to a 

small extent (because of the crystalline force) ·whi1e the hard segments 

turn themselves with their. longitudinal axes ,into the direction ~f 
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Schematic drawing of the structure ofa.polyether . 
polyurethane elastomer .. stretched to approximately 200%58. 
The thick strokes. represent hard' segments and the thin 
strokes soft segments •. Indivi dual': parti cul arly strong 
stretched soft segments are' considered to'act as nuclei 
around which crystallisation can occur during elongation 

elongation.' This effect is explained in terms of force strands,i.e. 

maximally .loaded chains in ~the soft segment which oppose any further 

extens i on. Further extens i on. therefore. requi res s 1 i di ng processes 

between hard segments to take place, resulting in the formation of 

new force strands. Continuation of. this process will result in the 

I-estructuringof the hard blocks in new arrangements, a process which 

will be accelerated by heat treatment (Figure lB.4). 
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Segmented polyurethane elastomer at 500% extension and 
placed .in warm water at BOoe 58 

The.phenomenon of microphase separation has been clearly demonstrated 
by electron microscope techniques where the presence of domains in 
polyester and polyether based elastomers is revealed by staining 
samples with iodine and observing darkened areas by transmission elec
tron microscopy59. The presence of a crystallisable segment in a seg
mented polyurethane elastomer system can lead to the development of 
large scale structures (termed 'superstructures'). Wilkes60 et al 
have demonstrated this phenomenon in materials incapable of hydrogen 
bonding as well as hydrogen-bonded elastomers61 • It appears that the 
superstructure entities (spherulites) contain preferentially orientated 
domains (Figure lB.5). Spherulitic structure of the soft segment is 
readily apparent at high soft segment content, whereas at lower soft 
segment content, spherulites are formed by aggregation of hard segment 
domains. Slowikowska62 et al reported the formation of radial spheru
lites in polyurethane elastomer systems, and showed that increased 
degree of crosslinking in these systems impedes the ability to 
crysta 11 i se. 
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(a) (b) 

FIGURE 16.5: Possible models of spherulitic structure 61 

The morphology and structure of polyurethane block copolymers has 
. been reviewed in some detai1 63 and present views Can be summarised 
as follows: 

1. Due to the dissimilar nature of hard and soft blocks which are 
partly incompatible with each other, the elastomers show a 
two phase morphology, although there is a significant level 

---.. of mixing of the hard and soft blocks. 

2.. Hydrogen bonding can occur between hard and soft blocks, 
although its contribution to physical properties is not certain. 

3. Hydrogen bonding occurs between individual hard blocks giving 
rise to a three-dimensional molecular domain structure ·(Figure 
16.6). 

4. These domains may themselves be in a larger, ordered arrangement 
including both soft and hard blocks, the hard blocks being built 
up in a transverse orientation to their molecular axis leading, 
in cases, to the appearance of spherulites in the polymer. 

5. The morphology is unstable with respect to temperature and is 
dependent on both the chemical constitutionand thermal history 
of the polymer (Figure 16.7). 
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FIGURE lB.6: Diagrammatic representation of the three-dimensional 63 
crosslinking structure (a) extended with butane diol 

FIGURE 1B.7: Schematic model depi;ting the morphology before and 
after heat treatment 3 . . 
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lB.3:STRUCTURE-PROPERTY,CORRELATIONS IN SEGMENTED POLYURETHANE 

ELASTOMERS 

The'dependence of the structure-property relationship,of polyurethane 

block copolymerel astomers on thei rchemical. composi ti on (nature of 

.the polyether or polyester ,soft block, type 'of diisocyanate and 

cha in extender, etc) and pri nci pa 1 . phys i ca 1 properti es are now we 11 
recognised' and have\,been extensively reviewed5l .The physical and 

mechanical properties of segmented polyurethane .elastomers can often 

be explained most easily in terms of morphological structure as des

cribed in the last section" i.e. hard domains' dispersed in a soft seg

ment matrix. The soft matrix having a low Tg influences properties 

. particuhrly at low temperatures •. ' Hard segments 'in the domains, act 

as tie,'points as well as reinforcing filler and multi functional cross

link, and goyernthe·performanceof the material at.elevated tempera

ture.The analogy between hard segment domains in. polyurethane elas

tomers and reinforcing. fillers in,conventional rubbers, provides a 

useful means of interpreting structure-property relationships in seg

mented polyurethane elastomers. It:'i snow gel)era llyrecognised that 

thermoplastic elastomers based on certain block copolymers derive their 

excellent physical properties from their domain structures •. For example, 

in such polymers as SBS pOly(styrenen-butadienem-styrenen) and SIS 

poly(styrenen-isopreilem -styrenen) incompatibility of the two different 

. blocks results in rigid segment .segregation of thestyrene segments and 

thus in the formation. of discrete glassy .. polystyrene domains embedded 

in a continuous soft segment matrix which. is rubbery at' room temperature. 

These structures are very similar to those observed in segment polyure

thanes'and.it.is,therefore,.not surprising that their structure-proper

ties relationship is based on the same principles. Like SBS or SIS 

structures, segmented polyurethanes have been shown. to exhibit micro

phase'separation.whereby the. rigid segment. aggregates are embedded in 

the soft segment ma~.tix. ·Direct.comparisons.of domain structure rein

forcement 'in phase separated elastomeric block copolymers and filler 

reinforcement in conven'tional rubbers. have .been lnadeby Bishop64 et al. 

,. They showed that the reinforcement activity of a polystyrene domain is 
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comparable to that of a good ,reinforcing carbon black (e.g. HAF 
. black). Increased proportion of. hard segment. in segmented polyure
thane elastomers is known to give materials of higher mOdulus65 , an 
effect· also observed' on increasing the.filler conteiltof conventional 

. rubbers. 

,~: . 
The phenomenon.of stress softening on repeated extension.·is demonstra-
ted in segmented' polyurethane elastomers66and.~has been attributed to 
disruption of domain structure, leading to a 'decrease in the number of 
effectivecrosslinking sites67 ,68. Srilith69 et al. have. demonstrated 
that at a given strain level, thestressinphase separated elastomeric 
block copolymers decreases as the .temperatureis raised, due·to melting 
or softening of domain structures,.which therefore become ineffective 
as tie':~oints and filler particles. Introduction of chemical cross~ 
linking, particularly between hard.segments, has been shown to lead 
to less aggregation of hard segments.intodomain/O;·resulting .in 
decrease of physi ca 1. properties, parti cularly a lowering of modul us 
(refl ecting the reduced fi 11 er reinfo!cement effect). . 

-.. " ~ 

Factors:which contribute to strength and toughness in polyurethane 
elastomers lay particular emphasis on. the role of the dispersed phase, 
and it should be noted that, as a ,general .. rule, for: an elastomer to 
retain strength over an extended range of temperatures, presence of a 
dispersedphase~is necessary. Such a dispersed phase may consist of 
high-:-temperature melting crystalline entities,. finely dispersed filler 
particles, or'rigid segmented,domain structures such as exist in poly
urethane elastomers. It·is important tonote.that maximiJm physical 
properties are obtained in such polyurethane elastomer',ifa high degree 
.of perfection of.microphase .separation exists. 

The chemical structure present in a segmented polyurethane elastomer 
system can'be varied in several distinct ways:. 



40 

1. . Variation of the chemical structure. of the soft segment; 
2. Variation of the chemical. structure of the hard segment; 
3. . Variation of the relative sizes of the hard and soft segments; 
4. Variation of the degree and type,of covalent·crosslinking. 

From the-above discussion,it.is quite clear that selection of 
reactants, their ratio and controlled manner of. introduction will 
control the structure.of polyurethane elastomers. The effect of 
reactants,segmentsize,'and. crosslinking on properties ofpblyure
thanes is discussed.in the following section. 

1 B. 3: 1. Effect of Soft. Segment Structure 
,. 

The soft segments in. polyurethane elastomers .great1y influence the 
elastic nature of the material and.a1so,its low temperature proper
ties. There are"two major classes ofpo1yo1s used in polyurethane 
synthesis: 

1. Po1yether - linear po1yether-'with or.without pendant chain; 
2. . Polyester - linear polyester with or without pendant chain. 

These a1iphatic.po1yols.have10w glass transition .temperatures (below 
room'. temperature) and are generally. amorphous or have low melting 
points. Selection of po1yo1 depends on the requirement of' the physi
cal property of products.Po1yethersgenera11y.give e1astomers' having 

. a lower level of physical properties than the polyester based materials 
due to the weaker interchain attraction. Many po1yetheror polyester 
materials crysta1lise.on extension due. to. their structural' regularity 
and this .is thought· to be an important factor contributing to' their 
high tensile strengths. The. higher elongation at break shown by the 
po1yether material can a1so.be explained by the weaker.interchain 
attractive forces' present, allowing. increased chain slippage and 
disentangl ement. Low mo1ecu1arweight.po1yo1s or short s,equence 
lengths of soft segments tend to increase the concentration of urethane 

/' 
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groupsandconsequently,polyurethanes with a greater degree of 

.. physical bonding and high mechanical properties will be obtained •. 

Introduction' of a pendant group onto the,. polyol chilin, causes 

increase in chain separation, reduces interchain packing'arid finally 

results in inferior physical strength property. 

Polyethers generally have better, low temperature 'properties than 
polyesters due' to low glass transition temperatures 51 •. Polyether . 

based materials also show far super~orh'ydrolyti c stabil i t/las 

shown by the following values (Tab1e.1B.2), because the ether groups 

are more resi stant to hydrol.\ltic attack than the ester groups • 

. :\. 
TABLE lB.2: Effect of polyol on hydrolysis properties of. polyurethane 

. 

,. % Tenslle Strength* 
Polyol Type Retained on 

. . Hydrolysis 

Polyethylene adipate glycol, PEA.,. " Polyester 40 
.. 

Polyhexamethylene.adipate . 

PHA Polyester 30 glycol 

Poly-oxytetramethylene POTM Polyether 88 glycol 

'Poly-oxypropyl ene., glycol POP Polyether 
, . ! 

88 
. 

*21 days in water at 700e 

The. effects of .polyol type and urethane-urea ,components' have been dis

cussed by Ferrari 72 • A summary of his results is given in the following 

TablelB.3. 

/ 
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TABLE lB.3: Effect of polyetherand polyester on properties of urethane 
elastomer - a comparison 

.. 

Type I 11' 111 IV 

. 

Cost 2 2 2 1 
Processing ease \c.: i\ 2 2 1 1 

Toughness 1 1 2 3 
" 

Abrasion.resistance 1 '. 1 2 
, 3 

Solvent resistance 1 ' 2 3 3 
Heat and' oxi dative· 

.. 

resistance 1 1 2 3 

Brittle point 3 1 1 3 
Resi lience 3 2 1 3 "., 
Hea t buil d- up 3 2 1 1-2 

Humidity'resistance 3 3 2 2 

Key: 1 is very good 1. is polyethylene adipate 
2 is good -, 

II •. is' mixed-glycol adipate 
.3 is fair or poor ·Ill is polytetramethyleneether 

. glycol ' 
IV is polyoxypropylene glycol 

, 

\ 

Variation of polyester structur/3 has much ,:the 'same effect on properties 
as was shown for.'. polyethers, i.e. the general effect of side groups is 
to prevent or. hinder.crystallisation on extension and to decrease inter
chain attractive forces, resulting'in lower tensile strength. and modulus. 
Decreased ester· group content and the presence of pendant. groups on the 
polyester backbone cause a'decrease in:tear strength. Permanent set 
has been shown to .increase with increasing ester group content74 • This 
has been explained by the presence of residual polyester crystallinity 
on relaxation •. The undesirable tendency. of some polyesters ·to crystallise 

. and. produce cold'hardening in polyurethaneelastomers can be avoided by 
the use of copolyesters which possess.structural" irregularity. 

/ 
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The molecular weight of the soft segment has a mar.ked influence over 
the final e1astomer properties. In a study of po1ycaprolactone based. 
e1astomers, Seefried75 et al showed that theTg of the soft segment 
shifted' to higher temperatures as the molecular weight of the po1y
capro1actone decreased~. This is indicative of-the restriction on 
the mobi1ity.of the soft segment by. the rigid hard segments' as the 
compati bi 1 ityincreasesat . the lower molecular weights. (Table 1 B.4). 
Very low molecular weight of.soft segment (below 600). gives poorly 
elastic, hard materials, whereas high mo1ecl!lar weights give soft 
materials having poor physical' properties. 

TABLE 1B.4: Effect. of molecular weight of.po1ycaprolactone on the 
. " Tg of polyurethanes 

. 

MW 340 .530 , 830 1250 2100 ·3130 

Tg QC •. 53 
'. 

25 ,.10 -27 -40 -45 
- .. 

. 

The po1ymer·used.was based on po1ycapro1actone/MDI/1,4-BDwith molar 
ratio 1/2/1. 

1B.3.2 Effect.of Hard Segment Structure 

As mentioned earlier, hard segments .in e1astomeric polyurethanes are 
usually formed by the reaction of a diisocyanate'with a dio1 or diamine 
chain extender to give a rigi d .. polyurethane or polyurea, structure. 
The properties of the hard. segments determine the interchain inter-

. actions in the e1astomers to a large extent, due to the high .concen-
tration of polar groups. and so determine the network 'structure' in 
these materials. Hard segments. significantly' affect· mechanical proper
ties, particularly modulus, hardness and tear strength. The performance 
of· e1astomers at elevated . temperatures is very much dependent on the' 
structure of the hard segment and its ability to.remain associated at . 
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these temperatures. In this section, the influence of individual 
hard segment components i:e.diisocyanates and chain extenders on 
the general mechanical properties of polyurethane e1astomers will be 
considered t'espectively. 

1B.3.2.1 . Effect of Oiisocyanates 

The diisocyanate component can exert.a significant influence on poly
urethane elas::omer properties. The effect of the diisocyanate struc
ture. on the physi ca'l properti es of these, matel'i a 1 s has been i nvesti
gated by several workers 7,71,73 ,7S !l Polyurethaneshavi ng the hi ghest 

" levels of modulus, tear and. tensile strengths are obtained by the use 
of the .. most rigid, bulky and symmetrical diisocyanate. Table lB.5 
illust~ates this general relationship73. 

TABLE lB.5: Effect of diisocyanate structure on physical properties 
of segmented.poiyurethane e1astomers 

---
Tensile Elongation Tear 300% Hardness 

Oi i socyanate Strength at Break Strength Modulus (Shore Nj 
(MPa) % (kN/m) (MPa) 

I p-phen.vlene diisocyanate 
, 

44.1 600 52.5 ,15.8 72 
. (PPOI) 

l,5-naphtha1ene diiso- 29.4 I 500 . 35.3 20.6 80 
cyanate (NOI) 

Mixed isomei: of toluene 
di i socyanate ' (2,4·, and 31.4. 600 26.5 2.5 40 ' 
2,6-TDI) 

4,4'-di phenyl methane' , 
di isocyanate (MOl) ", 

54.4 600 47.1 11.0 61 

The data of Table lB.S shows that the bulky l,S-NOI yields a polyurethane 
with higher modulus and hardness than the single aromatic ring ppor and 
'the more flexible MOl molecules. Asymmetrical molecules, as represented 
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by the 2,4/2,6-TOI combination, give elastomers.of. low modulus and 
hardness •. Tensile strength and.tear strength are also shown to be 
greater in the case of symmetrical molecules, particularly those· 
based on the l,4-substituted Benzene ring system (PPOI' and MOl). 

The diisocyanate fl:l1Qc.rskJ in polyurethanee~astomersapparently 
infl uence the abi 1 i ty of the polymerchains~ to al i gn themselves and 
will clearly affect the development.of.interchain structure by hydro
gen bonding. The low temperature properties of polyurethane elasto
mers are, however, only moderately affected by the' diisocyanateused73 ; 
The effect ,of different diisocyanates on theTg of'poly(ethylene adi
pate) and butane diol based elastomers has been'reported by Aitken 

, and Jeffs 76 (Table 1 B. 6). The i socyanates ~sed were MOl, TOI (mi xed 
2,4 and 2,6 isomers), HOI, H12MOI and IPOI. 

TABLE IB.6: Effect of different diisocyanates on Tg of the·polyure-
thane'elastomer . 

. - .. " 

Diisocyanate TOI HOI IPOI MOl 

-16 -42 . -39 -32 to -35 -31 

The PU polymer was based on.polyethylene adipate.(MW = 2000)/diisocya
nate/l,4-BO with molar ratio 1/4/3. 

The Tg ,of the TOI based,system,(-160C) was higher than·theMOI based 
system (o-31°C), indicative of red-uced phase separation in the TOI based 
system. However, the .T9S of the aliphaticdiisocyanate based systems 
were~lower than.,the MOl, suggesting increased phase separation and this 
was attributed to the stronger hydrogen bonding. in the hard segment 
domain with aliphatic diisocyanates; 
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1B.3.2.2 Effect of Chain Extenders 

Chain extenders most commonly: employed in' polyurethane e1 astomers . 
are dio1s and diamines. Dio1s give e1astomers having polyurethane 
hard segments, whereas diaminesform polyureahard segments. This 

'fundamental structural difference between.diol and diamine extended 
materials generally leads to differences .. in.physica1 properties 
between the two classes. Whenadiamine. is employed as chain extender 
a higher level of' physical. properties often results than.' if a diol 
'~ere used, probably due, to _introduction of ureali nkages whi ch enter 
into strong hydrogen-bonded interactions •. A diamine is ·usua1ly chosen 
as the chain extender.when:arelative1yunsymmetrica1 diisocyanate 
(e.g. 2,4-TDI) is employed in a polyurethane e1astomer·system. Strong 
intermo.lecu1ar attractive forces between urea groups compensate for 

• structural irregularities due to the diisocyanate; The effect of 
diamine structure on properties oLa po1yoxytetramethylene diol/TOI 
e1astomer system. was investigated by Sarnson and B1aich77 • Therepor
ted data are given in the Tab1e·lB. 7. . 

ManY diamines are too reactive. for. use as .chain extenders in the prep
aration of bulk e1astomers, as. insufficient time is available for 
adequate mixing and pouring before gelation occurs. The most commonly 
used diamine chain extender in commercial elastomer systems is MOCA, 
which combines a practical-reactivity: rate with a high level of physi
cal properties' in the final elastomer. A major disadvantage in the use 
of aromatic diaminesis the suspected carcinogenic activity associated 
wi th many of these materials, . particul ar1y 4;4'-diamino bi phenyl 
(benzidine) and .its derivatives, although giving e1astomers having 

. excellent physical. properties. 

Dio1s are:often.preferred as chain extenders in systems' based on 
symmetrical diisocyanate (e;g. MOl), where intermolecular attraction 
forces are favoured. The effect of different glycol chain extenders on 
physical properties of polyurethane elastomers is given in Table 1B.8, 
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TABLE lB.7: Effect of diamine structure on physical properties of 
polyurethane elastomers* 

1 

~ 

'" ..... 
•• a.. <11 <11 '" :;: ::s ::s ..... 

~ ~ ~ c '" Diamine ::s ::s o~ cv i oS: -0 -0 ~ "" .f:;. <11 cv ..... 0 0 ..... ~ ",e:( 
~ 0> :;: :;: '" ~. cv 
.~ c ~ ~ 0>"" cvE ccv ",cv ""'" ""'" c", > ...... -os.. 
cs.. oa.. o a.. ocv "''''' s..o cv ..... 0:;: 0:;: ~s.. s.."" "'oS: 
I-Vl ~~ M~ ...... co Ci- :r:: Vl 

3,3'-dichloro-4,4-diamino- 34.5 6.4 14.5 450 B3.4 91 
di~henylmethane (MOCA) 

4,4'-diaminodiphenyl- 30.5 7.9 14.1 520 94.2 86 methane 

1,4-di~minobenzene . 16.0 10.8 16.0 300 112.8 91 
,~:.. 1 

3,3'-dimethyoxy-4,4'- 17.0 5.1. 7.6 550 72.6 93 di ami nobi phenyl 
" ' 

3,3'-dimethyl-4,~'- 48.3 12.7 21.6 550 118.7 95 diaminobiphenyl 

4,4'~diaminobiphenyl 29.9 B.2 16.1 470 99.1 86 -. 

3.3'-dichloro-4~4'- 37.6 ll. 7, .' 1 28•1 390 109.9 94 diaminobiphenyl . 

* Prepared from Adiprene LlOO (a polyether/TDI prepolymer by Du Pont) 
. and ca 85% of the theoretical diamine based on NCO content. 

TABLE lB.8: Effect of:diol structure on physical properties of polyure
thane elastomers 

Diol Tensile 300% Elongation Hardness' 
syen;)th M(dU~~S at Break Shore A 

MPa .. MPa (%) 

Ethylene glycol 44.8 13.8 500 . 61 
1,3-propane di 01 45.5 6.6 600 61 , 
1,4-butane diol 54.5~ 6.9 600 61 
1,5-pentane diol 49.0 6.2 600 62 
1,6-hexane diol . 5l.0 5.9 500 60 
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which compares the physical properties of chainextended'polyethy-
1ene adipate/NDI prepo1ymer with a homologous series of dio1s75 • 

The high modulus of the .ethy1ene glycol extended material is thought 
to be due to the presence of the -{ CH2)i group in both the hard and 
soft blocks, allowing increased structural regu1aritJ'; Asimilar 
effect is pointed out by.Scho11enberger71 in the case of a poly tetra-

• < 

methy1ene/MDI material extended with l,4-butane dio1. In the case of 
dio1 E::tended materials a significant proportion of cross1inking i·o; 
often introduced by the use of a trio1 such as trimethylo1 propane 
{TMP}. 

1B.3.3 . Effect of Segment Size 
., 

Several investigations have been made into.the effect of varying the 
. size of hard.and soft. segments in polyurethane e1astomers. In an 
attempi. to inves~igatE: the. effect of segment. size and polydispersity 
on hard segment crystallinity and material properties, Ng et a1 78 con
ducted a thor?ugh characterisation of.piperazine/BD/PTMO-based poly
urethanes which possessed a well-defined segment molecular weight and 
molecular weight distribution and no possibility for intermolecular 
hydrogen bonding. They found that copolymers with a narrow hard seg
ment length distdbution exhibited better microphase separation, 
higher modulus, and higher. elongation at break than equivalent mate
rials contai~ing po1ydispersed·.hard.segments. Harre11 79 reported that 

. a hard segment consisting of two piperazine units extended by Bo.· 
" exhibited a sharp and distinct melting point at about 5000; The melting 

point of the family of piperazine-based polyurethanes increased as the 
hard segment length increased. In a POP/TDI/MOCA-basedpo1yurethane80 , 
increased molecular weight of the po1yether soft. segment is' found to 
give a decrease in tensile strength, modulus, hardness and tear strength, 
but increased.abrasion resistance. In a water extended po1y{ethylene-. . 

co-propylene adipate)/MDI system increased po1ye'ster molecular weight 
is accompanied by a decrease in modu1us81 • The effect of urethane 
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concentration on properties of polyurethane elastomers,has been' 
studied by Smith and Magnusson82 ,83. They showed'that the increase 

, in Tg with increasing urethane concentration for po1yoxypropy1ene 
dio1 based e1astomers, gives rise to an increase in tensile strength, 
measured at ambient'temperature. The,effect of variation in polyure
thane concentration on tensile strength ina system based'on POP/TO I 
gives increased tensile strength" a ,correlation which is not found 
between degree of cross1inking and tensile strength. Tear strength 
was found to increase ,to a maximum and then ,decrease with further 
increase in urethane concentration into a polyester/MOl system extended 
with1,4-butane dio1 84, presumably due to the disruptive effect of 
excessive bulky MOl groups. These results indicate ,the general 
increas~ in strength properties (tensile strength, modulus, hardness, 
tear strength) associated with increased urethane concentration in 
polyurethane e1astomers. 

1B.3.4 Effect of Cross1inking 

The cross1inking of polymer chainsi's of prima'ry importance in'contro1-
ling many polymer properties. Large increases in'thedegree of cross~ 
linking make amorphous ,polymers more 'rigid and cause them to have higher 
softening points and higher modulus, reduce elongation and swelling by 
solvents, and raise the glass transition temperatures. Chemica1'cross
linking in segmented polyurethane e1astomers cari,be produced by the 
following ways: 

1. The use of an excess of ,the diisocyanate which can react with 
chain backbone urethane,or urea linkages to give allophanate, 
biuret and isocyanurate groups. 

, 
2. The use of a branched po1yether or,po1yester having hydroxyl 

functionality greater ,than two. 
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3. The incorporation of a low molecular weight triol' in the 
reactions,. e.g. trimethylolpropane (TMP), 

Pigott et a1 73 investigated the effect of chemical crosslinking on 
properties'in a,polyethylene adipate/MDI,(1,4-BDO based polyurethane 

. , 

· elastomer. The extent ofcrosslinking·wa!;,.increased by using varying 
Vamouhts of TMPcombined with 1,4-BDDchain extender. Results showed 

, 

that increased degree,of,crosslinking in.this system is accompanied 
bya decrease in tensile strength, elongation at' break, modulus, : 
hardness and tear strength. Modul us and tensi le strength were found 
to decrease to a minimum,and'then increase. (sharply' in the case of 
modulus) at very high degrees of crosslinking;Volume swelling of 
elastomers in dimethyl acetamide decreased as expected with increa
sing de'gree of crosslinking. 

" 

Smith and Magnusson82 .investigated the effect of crosslinking on Tg 
in a series of PDP/TDI/TMP-based elastomers. They found'no signifi
cant effect on Tg as the degree of.cr~ssl inking increased. Tensile 
strength was' found to vary only slightly, whereas the modulus increa
sed and the elongation at break decreased., Polyether basedelastomers 
extended with diols also. have been.found to showincreased.hardness and 
modulus with .increased degree of crosslinking73 

· From 'the above considerations, it is seen that elastomers having 
strong secondary interactions (e.g. polyester, based materials), tend 
to suffer a general decreasein.physical properties,as the extent Of 
crosslinking increases, whereas elastomerswhich.have.relatively weak 
secondaryinterchain interactions, (e.g. polyethe'r based materials), show 
a .generalincreasein .physical properties ,with increasing crosslink . 

· density. This is due largely to the influence .of non-covalent inter
molecular attractive forces such as hydrogen bonding, which lose their 
effectiveness as increased chemical crosslinking causes increased chain 
separation in the linear polymer. Havlikand Smith85 demonstrated the' 
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importance of these non-covalent interactionsina soluble polyure
thane elastomer based on polyoxypropylene diol/2,4-TDI extended with 
2,4-toluene diamine. This material showed a high modulus compared 
with a chemically crosslinkined elastomer based on the same system • 

. This effect has been explained.by· the disruption of non-covalent· 
intermolecul ar forces by the introduction of chemi ca 1 crossl inks'" ,. 
which cause spatial separation of polymer chains • 

. Sasaki et a1 86 have investigated the effect ofisocyanurate crossl ink~: 
in a polyoxypropylene diol based elastomer. Modulus was found to 
increase linearly with crosslink density, and it was suggested that 
this effect was due. to formation of isocyanurate rings into rigid 
domain.~ggregations. 

In addition to. the items already mentioned, peroxides and sulphur are ' / 
also used as methods of crosslinking specialised types of' polyurethane 
e 1 as tamers. 

The.presence of -C=C- groups as a pendant group to the main chain struc
ture of PU elastomers provide sites for conventional sulphur·crosslinking. 
to occur •. Sulphur is. combined .in the vulcanisation network in a number 
of ways. As crosslinks,'itmay be present as monosulphide, disulphide, 

. polysulphide, pendant sulphide, cyclic monosulphide and.cyclic disul-

phide158 • 

Peroxide c~~ing is.a universal method of .crosslinking.allelastomers 
and is applicable to the millable urethane grades which do not need the 
unsaturated groups added which are essential in the sulphur curing pro
cess and hence both saturated and unsaturated millable urethane types 
can utilise peroxide curing. The. reaction mechanism is essentially free 
radical in type giving rise to short length, thermally stable, carbon-
'carbon crosslinks between. the hig'hmolecule chains 159 . 
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Some commercially available millable polyurethane elastomers are 
given inTablelB.9. The millable crosslinkable urethane rubber 
listed in Table lB.9 can be modified with a varietY'ofcompounding 

.·ingredients such as fillers and plasticisers .to meet .specific pro
cessing and end~use requirements, just as with other. rubbers. 

TP.BLE lB.9:· Some typical millable polyurethane elastomers 
. 

. Trade Name of Series Suppli er:i : 

Mi llathane TSE (USA) 
Notedone Ltd (UK) 

• 
Urepan Bayer 
Adiprene Uniroyal 
Vibrathane Uniroyal 

. 
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lC:. THERMAL STABILITY. OF POLYMERS 

. The present section contains first a brief general' discussion on the 

thermal stability of polymers, and this is followed' by·.a review of 

the effect of different chemical structures and crosslinking on the 

thennalstability: of polyurethanes •. The final part outlines the 
objective of .the researchas~relatedto the relationships discussed. 

·v· 

',) 

lC.l INTRODUCTION 

One of the ne~lest speciality areas within polymer. science is that of 
high temperature or,' thermally stable materials.It~has been recog

nised as a separate area within polymer. chemistry ,for nearly 25 years. 

Polymers, during their normal.service life, are frequently exposed to 

a variety oT deteriorating influences such as heat, oxidative attack \ 

and solvalytic degradation.' The stability of a material' to those 

dest.ructiveforC:es can be interpreted in the retention of a given set 

of mechanical properties under specified te~t.conditions, or in the 

capability of the polymer to retain its.chemical structure under severe 
conditions over extended periods of time. 

Thermal stability of a polymeric material is normally expressed in terms 

of a specific temperature or' temperature-time .limit wit~in which the 

polymer can be used without,excessiveloss·ofproperties. There are 
two fundamentally different mechanisms of property 10ss87:' 

1. Physical or reversible changes; 

2. Chemical or irreversible processes. 

The physical changes, consisting specifically of. glass transition, 

melting or crystallisation phenomena' and changes in polymer morphology 

. are self-evident controlling the performance of the~oplastic materials 

which ordinarily melt and become useless before finally decomposing. 

/ 
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These changes are primari ly temperature .. dependent. for example the 
thermal instability of. polystyrene occurs between 70-110oe. the 
1 imitation of its use therefore is totally determined by softening 

-
before decompr"ition occurs. 

Irreversible changes are of importance in the determination· of the 
high temperature endurance of thermosets and crosslinked polymers. 
as well as in.those linear materials in which melting does not take 
place before scission of primary bonds. has occurred to a considerable 
degree. These processes are both.temperature and. time dependent and 
stability,is therefore generally expressed. in terms of rates of decom
position (or property.loss) at a given temperature •.. Since chemical 
bond breaking and bond formation play dominant roles' in this type of 

,".-: 
. degradation, it, is extremely sensitive to environmental conditions. 

As an example. decomposition in vacuum. or in an inert atmosphere. will 
be different from degradation .in oxidising mediums, and.a polymer· will 
behave differently if heated in a closed system. where the degradation 
products can take. part in secondary r:eactions rather than' in an open 
system which provides for continuous removal' c'f in situ fonned vola
tile compounds. Irregularities in the polymer structure, branching, 
chain ends, peroxides, impurities or abstractable hydrogen as well as 
neighbouring group effects leading to the. formation of transition 
states with ,low activation energies nearly always cause breakage of 
polymer chains at considerably lower temperature than theoretical con
siderations would predict. 

Both oxidative and solvalytic stability of polymers have been· a matter 
of great concern '.in inany of' thei r appl i cati ons. Attack by oxygen is 
one of the·most important deteriorating .influences.a polymer may have 
to endure. Polymers containing ester, amide, urethane or urea groups 
are sensitive to hydrolytic cleavage. Both acidic and basic contami
nations are catalysts for this type of breakdown and their presence 

·generally reduces polymer stability markedly. 
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The requirements for use.of a.po1ymer at high temperatures may be 
very simp1Y'stated88: 

1. Retention of mechanical properties, high .(melting) softening 
poi nt. 

2. High resistance.to,therma1 breakdown. 

3. High resistance to chemica.1 attack, Le. oxidative, hydrolysis. 

The softening point. can be raised by increasing theintennolecular 
forces between chains. This can be done by incorporating polar side 
groups" by increasing the opportunities for hydrogen bonding, and by '. . 
actual:'chemica1 crosslinking of the chains. Other methods are to 
increase the.regu1arity of the chain with possible consequent increase 
in the degr~e .of crystallinity: by incorporation of bulky cyclic groups, 
especially' para-linked, in the main backbone89 • 

Simple thermalstability.is influenced by the.strengthof chemical 
bonds and it'is axiomatic that combination.of atoms with known weak 
bond strengths should not be. used. Perhaps the most useful. data guiding 
the search for heat resistant polymers has come from the stuqy of the 
thermal stabi1ities'and mechanisms of thermal breakdown of sets of 
polymers of closely related structures. Considering the total data 
the following generalisations can be made88 : 

To attain high thermal stabi lity: 

a) only the strongest. chemical bonds should be used; 
b) the structure should allow no easy paths for,rearrangement 

reactions; 
c) thereshould.be a maximum use of resonance stabilisation; 
d) all ring structures should have normal bond angles; 
e)po1ybondingshouldbe utilised as much a.s possible. 
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lC.2. THERMAL STABILITY OF POLYURETHANES 

Polyurethanes are an extremely. complex class:of polymers; This is not 
only because of the enormous .structural diversity. in the' isocyanate , 
and glycol portions of the. polymers but'also because of.the presence, 
in many of the commercially most . important polymers, of a variety of 
chemi ca 1 enti ti es, other ·than. urethanes. Notable among these. enti-

. ,.~ 

ties are i socyanate-derived. groups: urea, isocyanurate, allophanate, 
biuret, uretedion nd,carbodiimidewhich can form in varying amounts 
during poly ane preparation, as well !IS the tw'olinkages most 
commonly present in urethane polymers which are notisocyanate
derived: the ester and the ether bond. 

A number of. reviews, describing.the thermal.stability·of specific , 
classes'of polyurethanes, have been published in the. technical litera-
ture90-93• The relative thermal stability of polymer model compounds 
was investigated by Sheehan et a1 94 • They demonstrated that S-triazine 
derivatives are thermally stable compounds. 

Backus et a1 93 investigated the fla~abilitY 'a~dthermal stability of 
. isocyanate-based polymers- in a series of model polyurethanes and poly
ureas .by reacting 4 ,4'-di phenyl-methane cli i socyanate or polyisocyana
tes having similar polybenzyl.structureswith aliphatic or aromatic' 
coreactants. Flame resistant polymers were prepared by use of struc
tural elements which were thermally stable and non-volatile or which 
formed non-flammable decomposition products. The main factors deter
mining the thermal stability of polyurethanes are the nature of the 
starting material and the conditions of polymer preparation. 

lC:3' EFFECT OF. CHEMICAL STRUCTURE 

As mentioned above, the thermal stability of polyurethanes depends on 
the chemical composition of the materials. used in polyurethane for~u
lations •. This is true not only .. for thermal stab'i1ityin the physical 
meaning of the term, i.e. the stability that is reflected in such 

7 
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reversible changes as melting or softening, but also in the chemical 
stability that is connected with the dissociation of urethane link
ages and which commonly.takes place in the range· of 200-2500C95 • To 
a certain degree the nature of the soft segment. (ether or ester groups) 
also affects the chemical stability of these polymers. 

The melting point of linear polyurethanes can, in.some cases, exceed 
2000 C. It depends not. only ·on the nature and mol ar rati os of. the com
ponents, but also on the way in which the synthesis. is carried 'out 
since the existence and magnitude of microcrystalline domains formed 
by hard segments is influenced by the synthesis conditions96 • The 
dependence of thermal stabi 1i ty of poly( ester-urethane). elastomers on 
their c?mposition was investigated by Masiulanis97 • He reported that 
for polyurethanes of hard .segment.content above 30%, the best choice 
of chain extender was hydroquinone.di{S-hydroxy-ethyl)ether (HQEE) 
where good thermomechanicalstability is needed; he also found that 
the stability of bisphenol-A-based PU polymers is rather poor. He 
also demonstrated that the thermal ~tability of 4,4'-dicyclohexylme
thane diisocyanate:(H12MDI)-based polyuretharies is inferior to the 
ones derived from 4,4'-diphenyl-methane diisocyanate (MOI)-derived 
polymers • 

Increase in crosslink density, type of. crosslinking and introduction 
of isocyanuratering structures in the polymer chain backbone also 
has a strong beneficial effect on the thermal stability of polyure
thanes. The selection of the diisocyanate also has a distinct. 
influence on the thermal stability of the polyurethanes. Some of the 
parameters to be considered if. attempting to prepare polyurethanes 
with optimum thermoresistance can be listed as follows: 

1. Choi ce of di i socyanate 
2. Choice of hydroxyl component 

a) . polyester 
b) polyether 
c) chain extender 
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. 3. Type and dens i ty of. cross 1 inks 
4. Introduction of thermally stable (non-urethane) .linkages. 

The isocyanate derivatives most frequently encountered in urethane 
polymers can be arranged.inthe following order of decreasing thermo
stability: 

, ,,': 

o 
11 

/C" 
-N N- o 0 0 0 

11 11 11 11 

I I >-NHCNH- > -NH-C-O- > -NCNH- > -N-C-O-
I I 

C C 
// \' /" O· 0 

C=O . C=O 
I I 

-NH' -NH 
N 
I 

Isocyanurate Urea Urethane Biuret, Allophanate 

Maximum thermal stability-, Decreasing- Minimum thermal stability 

lC.3.l Effect of. Hard. Segment 

It was recognised previously that ,the retention of properties at ele
vated temperatures was aided by chemical crosslinking, by intermole
cular attractions and the presence of hard segments in the chain19 • 
While the crosslinks could be in either .the hard or soft segments of 

, the block copolymers, the 'intermolecular attraction 'and hard segments 
would be operative primarily in the hard block. Thus,whereas the 
soft segment would control low temperature flexibility to a large 
extent, the structure of the hard segment would be expected to exert 
a strong influence on the high temperature properties. 

The hard segments may be designed to form crysta.llites, especially when 
the polymer is elongated, serving as physical crosslinks. The strength 
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, of the crystalHte' (Le. its melting point and resistance to stress) 
will be expected to increase with increased length,symmetry and "fit" 
of the hard segments, as well as.the intermolecular attractions between 
segments. Thus symmetrical diisocyanates.and unbranched glycols may be 
preferred for this segment. In research directed·largely·towards 
spandex type urethane elastomers, but applicable to many others, 
Britain investigated the symmetry of an aromatic polyurethane hard 
segment, and its':effect on temperature resi stance98• Data in Tab le 
lC:l clearly show·the improvement of temperature resistance as,the 
symmetry of the hard segment is .improved by increasing the isomeric 
puri ty of MOL 

TABLE le.l: The effect of hard segment symmetry on the temperature 
resistance of polyester-MDI-butanediol elastomers 

. . 

2,4' isomer in HDI, % Heat Distortion Temp .• °c 

15 126 
' . 

10.8 . ' ' .. 131 
5.4 139 
0 148 

'. .. 

As. mentioned before, one of the main factors determining the thermal 
stability of. polyurethanes .is.the nature of the starting materials. 
Table lC.2can be used as a guide to show the. effect of chemical struc
ture of some starting material on urethane thermal stability6. 

Aliphatic isocyanates, give urethanes with ,higher thermal' stabiHty. 
Accordingly the dissociation temperatures of bisphenylcarbamates of 
the three commercially important diisocyanates 2,4-toluene diisocya
nate' (TO!), 4,4'-diphenylmethane diisocyanate (MOl) and hexamethylene 
diisocyanate (HOI) increase'in the.order95 : 
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TABLE lC;2: The influence of the type of urethane group on heat, 
stability 

Type ofUrethane Group ~<':.~tim'fi~~,i'~~ij~~jie\r~ttrf, 
, .. pprtb~}·m.! 0);'" ~'''''''''''>:\''-l ~ et J' 'If tt, ,,-11 : .. ..;: •• ;. • r.j.:·~-·t~· 
I ~l!K'~~~ _ .. ,.l.,,~X< .• \.~ #?\~ ¥:'t~.:;~f . .,;.~ ,~~:~·'~-11 

n-Alkyl-NH~COO-n-Alkyl 250 
, Aryl ~NH-COO-n-Alkyl 200 , 

n-A 1 kyl-NH-COO- Aryl 180 
Aryl -NH-COO- Aryl 120 

" ',' '': . 

By DTA;study of thermal stability of model urethane compounds in argon. 
(Table lC.3). it is shown that thermal decomposition does not take place 
below 166oC.' The influence of ali cyclic isocyanate structure and aH
phatic chain extender can also be notified95• 

As a general rule. the stabilityorN-substituted carbamates increases 
with decreasing reactivity of the parent isocyanate. Thus urethanes 
(A) in the following series were found to be increasingly 'thermostable~9: 

HO 
I 11 

R-N-C-O-R' 
(A) 

, (lOvve~t R = chlorosulfonyl<p-nitrophenyl<phenyl<benzyl<n-alkyl 
.. thermal 
. stability) <cyclohexyl<tertiary butyl (highest thermal stability) 

The stability of urethanes tAl depends on the type of hydroxyl compound 
used in their preparation and generally decreases.in the order: 

(highest R' = primary alkyl>secondary alkyl>tertiary alkyl 
thermal 
stability) 

(lowest 
thermal 
stabil ity) 
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TABLE lC.3: Thermal stability of model urethanes in argon 

RNHCOOR' 
T(oC)* 

. R R' 

·000--------- _.- n-but 235 
:;.- " - . \. . 

I . 
:-.,.. ~ .----:--.-.-. --n-but 245 0- '. . ~:. . 

-
-, -._._.-._- s-but 200 

Q -.-.-._-.- t-but 166 OH3 . 
'I .'\ . - -._. -'-' -. - t-but 170 

: 

.. ·0 -~-.-.-.-. - t-but 180 
, 

*Point of first deflection. of OTA.trace from baseline. 

Matuszak and FrischlOO investigated"i~e thermal degradation of model 
biscarbamates. polyurethanes and poly(urethane-ureas) by'pyrolysis at 
atmospheric pressure. The biscarbamates were prepared from phenyl. 

--.... 

benzyl and cyclohexyl isocyanate and ethylene glycol. The polyure
thanes and poly(urethane ureas) were prepared from toluene diisocyanate 
(TOI). xylylene diisocyanate(XOI). and 4.4 ' -dicyclohexylmethane diiso
cyanate (H12MriI). and polyoxyethylene glycol of various molecular weights. 
Rate constants for thermal degradation were obtained by measuring carbon 
dioxide evolution. The thermal degradation of all materials showed that 
the stability increased in the following manner: 

(lowest 
thermal 
stability) 

(highest 
aromatic<aralkyl<cycloaliphatic thermal 

stability) 
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1C.3.2 Effect of Po1yo1s 

Polyether and polyester polyo1s are two of the most frequently' uti
lised building blocks in polyurethanes. Polyesters exhibit consi
derably higher thermal stability than polyethers and have generally 
been .found to be quite resistant to oxidation under relatively. mj1d 
condi ti ons 101. 

" The superiority in thermooxidative stability.of p~lyesters over poly 
ether is also demonstrated by the stress relaxation data obtained in 
air and nitrogen 102,103, Figure 1C.1. The flaJ.~early identical 
intermittent stress relaxation curves obtaineFpolyester urethanes 
in air and in nitrogen indicate that any chain-breaking processes , 
taking place under these conditions are reversible and non-oxidative. 
Inpolyethers on the other hand, the fast irreversible stress decay 
which occurs in air (but not in nitrogen) charac~erises the chain 
scission processes and is clearly oxidative.in nature. Generally,· 
polypropyleneoxide backbones are more easily attacked by oxygen than 
polyethylene ~xide or poly l,4-butYlene oxide chainsl04 • Stress rela-. -..~ 

xation studies of carefully cross linked elastomers have shown better 
temperature resistance in air for a polyester-based elastomer than in 
a polyether-based elastomer, due to the better oxidation resistance of 
the po lyes ter segment 105. Therefore, polyesters are deifi ni te ly the 

'-intermediate choice if polymers with higher thermooxidative stability 
. ~ . 

are desired.' 

~ 0.6 .... ....... 

Cl 0.2 
o 
-' 

. 

Ester (N2) 
Ester (alr) 
Ether (N2) 

Ether (air) 

o~--~--~,--,~--~ 
20 40 60 80. 'Time (hours) 

FI GURE 1 C • 1 : Intermittent stress relaxation 
ether urethane at 1300 C (95) 

I 

of polyester and poly-

I 
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lC.3.3 Effect of Crosslinking 

The methods by which crosslinking may be introduced into the poly
urethane elastomers, through ,'the use of intermediates possessing 
more than two functional groups per molecule, or through secondary 
reactions of the isocyanate group with -NH- groups in the polymer 
chain de~ived from the primary reactions of the isocyanate group, 
have already been described in Part B. 

" , . ,. 

As in any other type of polymer increase in crosslink density of a 
polyurethane results in increased"thermal stability simply because 

'more bonds will have to'bebroken before total network breakdown 
occurs. '" However, the technique has only limited ,use since other 
property requirements (elasticity, elongation, etc) normaliydemand 
the molecular weight between crosslinks to be within narrowly defined 
limits. There are different types of crosslinking in polyurethanes 
(allophanate, biuret, ,isocyanurate), which are produced by using 
excess diisocyanate; and the.type of crosslinks is also of impor
tance in thermal stabil ity. Some biuret and ,0:11 ophanate structures 
start ,to free isocyanate as low as lOOOC with biurets generally being 
slightly more stable th"an a110phanates 1~6. Dissociation in both of 
these classes is ordinarily, complete, at l60-l70oC. 

lC.3.4Effect of Isocyanurate Crosslinking 

Isocyanurates are excellent structural units for high temperature resis
tant polyurethanes since they have high decomposition points (Table lC.4) 
and can impart rigidity through an increase in the degree of crosslinking. 
A'number of reviews describing the formation of isocyanurate structure 
'in polyurethanes have been publishedl07-llD,86. The trim~risation of 
isocyanates to form isocyanurateswas first reported by Hofmannl11 who 
prepared triphenyl isocyanurateby the triethylphosphine catalysed tri
merisation of phenyl isocyanate. 
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o 
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/C, 
3R-NCO .... R-N N-R , 

I I' 
O~C'N"~O 

. I 
R 

isocyanurate 

\-: 

TABLE lC.4: Melting point of some isocyanurate structures94 ,1l2 

Trimer of Meltlng TDoC Point oC 

Phenyl. isocyanate 285 377 
~~pY~isocyanate 374 -
l-Naphthyl . isocyanate 335 -
2-Naphthy1 isocyanate 344 -

The thermally most .stab1e isocyanurate.structures can be built into' 
polyurethanes with great ease and have' been used widely to prepare 
polymers with increased thermostahility95,107: .. Their degradation 
usually does not start below 2700C 107 ~ , 

Polyurethanes with higher temperature resistance have been obtained 
by at least partial replacement of urethane bonds with groups of 
greater thermostability. Low density.rigid foams made by trimerisa
tion of a po1yester-TOI prepolymer retained their. dimensional stabil ity 
up to 2300C107• Polyisocyanurate adhesives made by the polytrimerisa
tion of isocyanate prepolymersin ,the presence of organometallic cata
lysts retained their adhesive strength at 2050C for bonding aluminium
to~aluminium~08. 

Sasaki et al~6 reported the preparation of urethane elastomers contai
ning isocyanurate rings. The catalyst system employed consisted of· 
sodium cyanide in a solution of N,N'-dimethylformamide (DMF). A 
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comparison. of mechanical properties was carried out between urethane 
elastomers~ The isocyanurate modified urethane elastomers exhibited 
significantly higher tensile properties than the others. probably 
due to the rigid crosslihking structure of isocyanurate ring. The 
typesof crosslinkingstructures are shown'in Figure lC.2. 

H 
o H C H 0 
III /, '" ~-C-N-R-N" N-R-N-C-O~ , ,- I 

O=C c=o isocyanurate crosslink 
'N/ 

I 
R-N-C-O'IN\I\IU 

I " H 0 

OH HOH OH HO 
··11' 1111 III \11 

~-C-N-R-N-C-N-R'-N-C-N-R-N-C-O~ , 
C=O 

- I 
biuret crosslink ~-H 

R-N-C-O~ 
I 11 
H 0 -,' 

OH 0 OH H 
" III 11 III I 
~-C-N-R-N-C-O-R'-O-C-N-R-N-C-O~ 

I " C=O 0 
I 

~-H allophanate crosslink 
R-N-C-O~ 

I 11 
H 0 

OH HO OH HO 
11 I \ 11 11 \ \ 11 

~O-C-N-R-N-C-O-R'-O-C-N-R-N-C-~ , 
~ 
C=O 

tirethane \ 
crosslink ~-H 

R-N-C-O~ , 11 
H 0 

FIGURE lC.2: Different types of polyurethane crosslink 
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lD OBJECTIVE OF THE RESEARCH 

Polyurethane elastomers have been shown. to possess excellent physi
cal and mechanical properties, particularly at or near ambient con
ditions. However these advantages .are considerably diminished at 
elevated' temperatures. 

~ 

The aim of the present work is to .. prepare thermally stable polyure
thane elastomers for. application as tyre materials. 

The approach to this project will be to: 

a) . Investigate the effect .of using two new diisocyanates presently 
'available as development. products,namely.p-pheylene diisocya
nate (PPDI) and trans-l,4-cyclohexane diisocyanate (CHDI). 

b) . Determine the optimum ,block ratio(s) capable of producing 
flexible, hE!at resistant polyurethane elastomers that also 
possess good physical and.me'chanicalproperties. 

c) Examine the effect. of different diol and diamine chain exten
ders on thermal stability. 

d) Investigate the effect of. using a large excess diisocyanate 
(0-50%) to produce isocyanuratecrosslinking in the polymer 
chains. 
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CHAPTER 2 

PREPARATION .(SYNTHESIS) .OF POLYURETHANES 

2.1 INTRODUCTION 

Polyurethane elastomers are usually prepared 'by bulk polymerisation 
techniques where the prepolymer, which can be obtained by reacting 
a long chain polyol with an excess of diisocyanate, ,and chain exten
der, are mixed in the molte~ state at elevated temperature to yield 
the final product. Then the product is normally cured in a mould 
by heating in the temperature range 50-1300C for several hours. 
Although this procedure has become established for many commercial 
elastomers, several disadvantages are apparent in the polymer prepa
ration: 

1. The choice of diisocyanate is restricted to those having a 
re.atively low'melting point. 

2. Chain extenders must also be liquids or low melting point 
solids. 

3. The reactivity of chain extender with diisocyanate'must be low 
enough to allow efficient mixing of the chain extender with the 
prepolymer prior to casting the final pulymer into the mOUld. 

4. Production of uniform, homogeneous elastomeric materials depends 
largely on the efficient dispersion of reactants during the 
mixing stage. 

5. Efficient dispersion of reactants is also hindered by the rela
tively high viscosity of the molten mixture. 
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6. Efficient mixing is ,either not possible or very difficult 
due to the short time available where the use of reactive 
chain extender' leads to a short pot life. 

Despite these difficulties bulk polymerisation is preferred to the 
solution polymerisation because several disadvantages are also 
apparent in solution polymerisation techniques l13 : 

" 
1. The solvent must not contain any active hydrogen atoms. 

2. The solvent must be dry to, prevent water-isocyanate reactions 
from occurring. 

3. The solvent must be.pure, i.c. it must contain no monofunctio
nal impurities which might act as chain stoppers, and no 
acidic or basic impurities which could promote side' reactions. 

4.' The solvent must be a, non-;'eactive medium, in ~Ihich diisocya
nate, chain extender and polyurethane ~roduct are all readily,' 
soluble. 

It has been shown that under certain conditions, solvents which should 
be non:"reactive towards the isocyanate group can· apparently react with 
diisocyanate to a certain extent. ' Reaction of'N,N-dia1ky1 amideswith 
the hi gh1y reactive p-to1 uene-su1 phony1 i socyanate to give N ,N-dialky1-
N'-(p-to1uene-su1phony1) amidines, has been reportedl14 • Sorensonl15 

reported a side reaction between phenyl isocyanate anddimethylsu1-
phoxide. 

2.2 EXPERIMENTAL 

2.2.1 'Se1ection'of Raw Materials 

For this research' various, polyurethane systems were initially assessed 
in a preliminary ,investigation to obtain information on the best 
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synthesis method and some limited. information on the high tempera
ture stability of the resulting polyurethane elastomers. 

Diols of aliphatic and cycloaliphatic molecular structures were 
used as possible chain extension agents. in two basic prepolymer 
systems namely the polycaprolactone/CHDI and polycaprolactone/PPDI 
based systems. Diamines were found unsuitable as chain extenders in 

CHDI and more especi ally in' PPDI based polymer systems due to thei r 
. high reactivity in the bulk polymerisation technique with resulting 

short pot lives. Diolsand diamines of bulky aromatic molecular 
. structure were also found unsuitable as.chain extenders due to their 

possessing high melting points and hence being unable to be dispersed. 
Solution polymerisation technique was used to overcome these restric-, 
tions but the polymers prepared by the method were found to have 
poor physical properties and hence it was not pursued. 

In a further investigation it was found that some .of the high melting 
point chain extenders. could be used. by .. means of a special semi-pre
polymer (quasi) method .in which the high melting point chain extenders 
were dissolved in polyol before mixing with diisocyanate. 'Therefore 
using this technique it was found possible. to carry out a bulk poly
merisation at the normal PUreaction temperature range of lOO-130oC. 
A brief and general description of the polymerisation .. techniques which 
are normally used for PUs and some of which are employed in. this study 
is.given in Part A, Chapter 1 and a more detailed account comes later 
in this chapter. 

Depending on the me.lting range of the chain extenders, an acceptable 
chain extension reaction temperature range was found to be lOO-130oC. 
It was also found that with. higher temperatures the rate of the reac
tion between chain extender.and prepolymer was so fast. that there was 
insufficient time for casting the final polymer. into the.mould to be 

'. satisfactorily completed. To overcome this problem, the use of a 
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delayed reaction catalyst was adopted. By usingthi~ type of 
catalyst the chain extension (pot life) time was short enough for 
satisfactory casting of the polymer especially if the lower end 
of the reaction temperature range was used. 

Because of health hazards associated. with. diisocyanates and diamines 
reagents were used only in a well ventilated area (fume cupboard). 
Face masks and plastic disposable gloves were also worn when handling 
these materials. 

The polymers chosen for detailed st~dy were based on polycaprolac-
'tone diol, trans-1,4-cycl ohexane . dH socyanate (CHOI), p-pheny1 ene 
diisocyanate (PPDI),and different.diols and diamines as chain exten
ders. Examination of·the polymers based on TDI, MOl,. H12MDI and mixed 
iliisocyanate was a1so.made for comparison purposes and the results 
cited where appropriate. 

The raw materials employed in the p'resent research are given in 
Appendix 1 with their relevanttechiliclRl information • 

. 2.2.1.1 . Po1yo1 

The po1yols were capro1actone.derived hydroxyl. terminated polyo1s 
with 2000 molecular weight e.g. (CAPA.225) •. The CAPA diols are poly
ester based dio1s' and are white waxy solids'with melting points around 
600C developed by Interox,Chemica1s Ltd1l6• Polycaprolactones are 
obtained by the polymerisation of capro1actone in.the presence of a 
dio1 (equation 2.1). 

(2.1) 
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Po1ycapro1actones are saturated a1iphatic polyesters similar in type 
to adipates. The polarity in CAPA due to the presence of polar C=O 

. groups in their chemical structure backbone increases·the intermole
cular attractions in urethane e1astomers and hence improves their 
physical and mechanical properties, in comparison with po1yether based 
materials. 

2.2 •. 1.2 Diisocyanates 

The diisocyanates were obtained from Akzo Chemie BVl17 and the Armak 
Companyl18 under the trade name of Elate 166 for CHDI and Elate 160 
for PPDI with molecular weights 166 and 160. respectively. The Elate 
160 and Elate 166 are two unique new diisocyanatesavai1able as 
deve10~ment products for synthesis of polyurethane e1astomers. 

oC~I,-_-J~CO 

p-phehy1ene diisocyanate (PPDI) 

-NCO 

DC 

Trans-1,4-cyc10hexane diisocyanate 
(CHDI) 

Both diisocyanates are white flaked .solids of relatively' high melting 
points, 60-640C for CHDI and 94-950Cfor PPDI. Both.materia1s are 
avai1ab1e.in a pure. form, hence the calculation by weight of diiso
cyanate. to form polyurethane's of a.specific block ratio can' be based 
on simple molecular weight stoichiometric proportionality. The basic 
properties of these two new diisocyanates are given in Appendix 1119. 

Due to the close symmetry of both PPDI and CHDI molecules and their 
rigid,.rod-likemolecular shape, a very orderly structure in the 
build-up of the hard segments as well as the formation of a 'large number 
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of hydrogen bonds would be expected to be promoted in the polyure
thane system. It is predicted, this enab1es·the resulting elastomers 
to perform better under high and .low.temperature conditions and 
achieve hi gh modul us •. Both di isocyanates have the potenti a1 econo
mic advantage of low molecular weight and a' correspondingly high NCO 
content. 

'. 
It is known that aliphatic and cyc10aliphatic diisocyanates impart 
superior thermal stability to polyurethanes, and the most promising 
of these structures (CHOI) was selected for the preparation of ther
mally stable materials.' 'The p~phenylene diisocyanate (PPOI), toluene 
di i socyanate (TOI), 4,4'.-methyl ene bis-phenylene di isocyanate (MOl) 
and 4,4,'-methylene bis cyclohexyl diisocyanate (H12MOI) were also 
included in the research programme for comparison purposes. 

2.2.1.3 Chain Extenders 

Various low molecular weight diolsarid diamin~s were also employed 
in the preparation of these experimental polyurethanes as chain 
extension agents. The names, formulas, melting points and suppliers 

. of these materials are given in Appendix 1. 

However, l,4-butane diol 120 ,l,4-cyc1ohexane dimethanol 12l and mix
tures of these were the most widely used in the preparation of these 
polyurethane elastomers. 

\" -

1 ,4-BO 1,4-CHOM 

Also used was a novel diamine. chain extender trimethylene glycol 
di-p-aminobenzoate (Polacure 740M)122. This was believed to be capable 
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of giving thermal stability due to its special chemical structure 
which should give polyurethanes with. a mixture of. both urethane and 
urea groups and the latter are known to possess good thermal stability, 

Polacure 740M 

2.2.1.4 Catalyst 

, \. 
," 

To make. satisfactory polyurethanes from CHD! the use of a catalyst 
. is usually necessary."and dicarbobutoxy ethyl tin dichloride* (T220)1l4 I 

was normally used in this series of experiments as a delayed action 
catalyst at the level··ofO.Ol-O.03% by weight of the total reactants. 

2.3 SYNTHESIS 

The term 'block ratio' 'has been.used in.the preparation of polyure
thane elastomers as. a basis of indicating the stiochiometric proportions 
of starting materials.' For example a polyurethane based on a 1:_2:1 
block ratio signifies the stoichiometric equivalent weight ratio by 
whi ch the polyol, the Cli i socyanate and chain extenders are respec
tively reacted to give the final products. A typical example of a 
selected prepared polyvrethane based on 1:2:1 block ratio is shown in 
Table 2.1. 

--------------------------------~------------------------

* Trade name: T220, trival name 'Ester Tin Dichloride~. 
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TABLE 2.1: Typical Example of the Selection of Raw'Materials for 
Preparation of Polyurethane Elastomers 

Raw Molecular Equivalent Block Amount Used 
Material Weight Weight Ratio (g) 

CAPA 225 2000 1000 1 100 
CHD! 166 83- 2 16.6 
l,4-BD 90 45 I 4.5 

. 

The following synthesis method was found suitable and used as the 
basis of preliminary investigations • 

. ,~ 

All glassware wasprepared by. first placing in a muffle furnace at 
6000C overnight, cooled and then carefully washed and left to dry at 
lOOoe in a drying cabinet;, .silicon grease (grade M494 of lel) was 
used for all quickfit cone joints. By this means all traces of 
organics were removed priorto.a synthesis .occurring. 

2.3. 1.'Prep01ymer 'Method 

The polyol (CAPA 225) was melted and degassed at 1000C.at least for 
one hour in'a vacuum oven. The chain extender was also dried,and 
degassed for one hour at. 90-1300Cdepending on its melting range.', 

I \ 

The required' amount of polyol. and diisocyanate were placed in a round 
bottomed polymerisat,ion reaction flask of 500 ml capacity and placed 
in an oil bath at lOO-l300C while a steady flow of dry nitrogen was 
passed continuously through the apparatus. The flask was equipped 
with a dropping .funnel, nitrogen inlet and variable speed constant 
torque.stirrer motor that was connected to the flask throuqh an anchor 
stirrer with close fit to side of the flask (Figure 2.1). White spot 
nitrogen (BOC) was used throughout and further dried by passing through 
silica gel guard tubes. The oil bath was a temperature controlled-hot-____ ..;.- --F- _ 
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oil bath and the temperature was also monitored by using a mercury 

thermometer immersed in ,the oil by the side of the polymerisation 

flask. The reaction mixture was then continuously stirred for 
approximately 30 minutes •. Then:the reactioneflask was removed from", 

the oil bath. and the.required.amount of predriedchain extender was 

added through the dropping funnel. Previously one or'two drops of 

the delayed action catalyst 'at tne concentration 0.01-0.03% by 

wei ght of the total reactants' had been.· di sso 1 ved in the chain exten

der. The reaction mixture was vigorously stirred for approximately 
one minute, whilst maintaining the.dry 'nitrogen blanket atmosphere. 

2.3.1.1 Casting 
. ,I; 

Casting was carried out using a highly po'lished aluminium tray, pre-

viously coated with release agent*and heated to 1200 C. The tray 

was levelled. by using a bubble. level in.a hot air circulating oven 

at 1200C.Then the reaction. mixture was carefully.poured evenly over 

the surface of the aluminium tray,ta.ldng care not to entrap any air 
bubbles in .. the casting liquid as these would ·give .rise to voids in 

the solid produtt. Before finally curing the polymer in a hot air 

oven at1200C, the surface bubbles (if present) were removed by 

'. passing a buns en burner's flame quickly. over the cast polymer • 

. 2.3 •. 1-,2 Curing and Post-curing 

The cast polymer was left.in the hot air circulating.oven and cured 

at 1200C for 20-24 hours. These.cured.test sheets were then stored 
for one week at ambient temperature (23°C) and 60% relative humidity 

. to condition the polyurethane elastomer and allow completion of 

secondary reactions. 

. 
* Ambersil's polyurethane release agent was' used. 
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Sometimes for certain polymers only as a final step. these ,cured. 
condi ti ons polyurethanes test sheets were .. post-'cured. for 15-24 hours 
at 125-1300C to complete theisocyanurate crosslinking reactions. 

2.3.2Quasi~Method.ofSynthesis 

A quasi synthesis technique was also used. where the required amount of 
diisocyanate was first dissolved in a part of the polyol component 
with the reactants being held in a round bottomed polymerisation 
reaction flask equipped'with a dropping funnel and a stirrer and 
·located in an oil bath at 1200C with a steady flow of dry nitrogen 
passing continuously over the mixture and forming a.blanket of gas; 
this formed a quasi-prepolymer; This reaction mixture was stirred . , 
continu'ously for approximately 30 minutes •. Next the required amount 

\.: 

of chain extender was dissolved in the other part. or, remainder of 
, . the polyol and dried atlOOoCunder vacul!lJ. ·and ,to this mixture was· 

added one or two drops of delayed action catalyst at the concentration 
of 0.01-0.03% by weight of the total,reactants. This po1yol mixture 
was then added to the earlier prepared polybl/NCO quasi-prepolymer 
reaction mixture through.a dropping. funnel and the completed mixture 
was stirred vigorously for 2-3. minutes and cast into a pre-warmed 
aluminium tray. For curing. and post-curing the same procedure was 
used as discussed in prepolymer. synthesis technique. 

2.4 . CROSSLINKING 

Chemi ca lly crossl inked polyurethanes were prepared .. ': by the use of: 

L Crosslinkers in the.form of triols of different molecular 
weight i.e. trimethylol propane.(TMP) and polycaprolactone triol 
(Capa 305) of molecular weight 134 and 540.respectively •. 

2. Use ofa stoichiometric excess of diisocyanate in the prepoly
mer which was expected to give isocyanurate crosslinks in the 
chain backbone in addition tourethane linkages. 



77 

2.5 HAZARDS 

Although the usual hazards apply to the handling of diisocyanates, 
it is particularly important· in the preparation of CHDI and PPDI 
containing polyurethanes that no NCO vapour is released into the 
atmosphere as it attacks the cornea of the eye. Hence, the recommen
ded method advised fol,lows the unusual step of making a physical 
dispersion of the CHDI and PPDI flakes.in.polyol and then obtaining 
solution by slow heating with stirring. In this ~Jay the active NCO 
groups' of the diisocyanates react in solution with the polyol before 
they can be volatilised and cause a hazard. More details of the 
hazards associated with.these.raw.materials.are given in.Appendix 2. 

2.6 SUMMARY OF POLYURETHANE MATERIALS PREPARED 

All the poJyurethanes prepared. in the present investigations are given 
in Tables 2.3 and 2.4 with their chemical composition and designation. 
Chain extension reactions with some of the dials and diamines chain 
extension agents were' found to be e~tremely.difficult with prepoly
mer, due to' their high melting points. Anotner problem was also found 
with some diols and especially diamine chain. extenders where reaction 
rates went out of control' due to their high reactivity producing a 
gelled product in the flask and therefore no useful materials were 
yielded in these stages. 
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TABLE 2.2: List of Raw Materials Abbreviations 

Materials 

PoZyoZs: 

Polycaprolactone diol MW ~ 2000 
Polycaprolactone diol MW ~ 2000 
Polycaprolactone diol MW ~ 3000 
Polycaprolactone diol MW ~ 4000 
Polycaprolactone triol MW ~ 540 

Diisocyanates: 

l,4-cyclohexane diisocyanate 
p-phenylene diisocyanate 

, 4,4'-diphenylmethane diisocyanate 
4,4'-dicyclohexylmethane diisocyanate 
Toluene diisocyanate (2,4- and 2,6-) 

Chain Extenders: 

A. DioZs: 

l,4-Butane diol 
l,6-Hexane diol 
l,4-Cyclohexane diol 
l,4-Cyclohexane dimethanol 
Trimethylol propane 
[l,l'-isopropylidene-bis-(p-phenylene-oxy) 

-di - [>-ethano 1] 
. [l,l'-isopropylidene-bis-(p-phenylene-oxy) .... 

-di~propanol-2] . 
Hydroquinone-bis-hydroxyethyl ether 
Quinol 
Catechol 
l,5~Oihydroxy. naphthalene 
2,3-0ihydroxy naphthalene 
2,6-0ihydroXY'anthraquinone 

2,4- 'Di hydroxy, benzophenone 
Oi(4-hydroxyphenyl) sulphone 
2,2-0i(4-hydroxyphenyl) propane 
p, p '-B i phenol 

B. 'Dicunines 

Trimethylene glycol diMp-aminobenzoate 
4,4'-diamino diphenylmethane . 
2,6-diamino anthraquinone 
4,4'-methylene bis o-chloroaniline 
p-phenylene diamine 

Catalyst: 

Oicarbobutoxy ethyl tin dichloride 

. 

Abbreviation 

CAPA 225 
CAPA 720 
CAPA 231 
CAPA 240 
CAPA 305 

CHOl 
PPOl 
MOl 
H12MOl 
TDi 

1,4-60 
l,6-HO 
l,4-CHO 
l,4-CHOIl 
TMP 
Oianol 22 

Oianol 33 
HQEE 
Quinol 
Catechol 
l,5-NO 
2,3-NO 

.. 

. Antraflavic 
acid 

2,4-0B 
OHS 
Bisphenol A 
p,p'-Biphenol 

Polacure 740M 
MOA 
2 ,6-0A . 
MOCA 
p-POA 



TABLE 2.3.1: List of prepared polyurethane elastomers (stoichiometry is shown by the block ratio) 
. '." 

. 

Hrdne:ls . 

Sample Polyol Di i socyanate Chain Block. Ratio Shore Comments Extender A D 
. 

Capa 17,1 Capa 225 CHDI (a) 1,4-BD 1 : 2: 1 81 idQ[~1:j 27 (a) Tough an xner-
B118 PPDI 11 11 92 42 . mally stable than 
B26 H12MDI (:0 11 11 71 23 . other di i socyanate 
B5 CHDI+HliMDI 11 80 27 based polymers. 
B37 CHDI+TU . 11 80 27 (a) Good recovery and 
B13 CHDI+H12MDI 1 ,4-BD+ 1 ,4-CHDM 72 24 transparent 
B32 PPDI+H12MDI 1,6-HD 72 25 
A3 CHDI 1,4-CHDM 87 33 
Al , CHDI 1,6-HO 89 33 . (b). Very good recovery 
A5 CHOI (IJ ) Oianol 22 .: 81 32 

CHOI (c) Dianol 33 : , 79 27 . (c) Soft 
M5 CHOI Polacure 83 30 
M7 CHOI HQEE 86 28 
B23 CHOI 1,6-HD+l,4-CHOM , 87 35· 
- CHOI 1.4-BD+l.4-CHOM 87 35 
M4 CHOI 1.4-BO+l,6-HD 87 31 
01 11 CHOI 1.4-BO+Oianol 22 84 34 
03 11 CHOI 1.4-BO+Oianol 33. 82 30 
A4 11 ' CHDI 1.4-CHOM+Oianol 22 86 31 
B39 11 CHOI· 1.4-CHD I 79 30 .. 
B44 11 CHOI TMP , 70 25 
B40 11 CHDI 1,4-BO+l,4-CHD 86 35 
B52 11 CHOI l,4-CHO+l,4-CHOM 83 33 -r, 

B43 11 CHOI 1,4-BD+TMP 83 32 
B46 11 CHOI Dianol 22 + TMP 70 23 
B58 11 CHOI Quinol 85 ' ,,31 
B67 11 CHOI Catechol 11 82 25 

-,-
. 

IConti nued 



TABLE 2.3.1: continued 

Sample Polyol Di i socyana te Chain 
Extender 

B57 Capa 225 CHDI l,5-ND 
B68 CHDI 2,3-ND , 

B70 CHDI Antraflavic acid 
B69 CHDI 2,4-BD 
- CHDI (d) MDA 
B73 CHOI ( d) 2,6-DA 
- CHOI P,P ' -bipheno1 
- I CHOI Bispheno1 A 
B71 . " CHDI MO CA , 
M10 " CHDI Oianol (22+33) 
B4 

. 

" CHDI Oiano1 33+TMP 
- " CHOI OHS 
Bn " CHDI l,6-HDtTMP 
X3 " CHOI' (e) Po 1 acure + TMP 
X5 " CHDI l,4-BD+Po;acure 
842 " CHDI .l,4-CHDM+TMP 

. M16 . . " PPDI l,6-HD 
M9 " PPDI (f) Diano1 22 
M12 " PPDI (f) Diano1 33 
A9 " PPDI Polacure 
- " PPOI HQEE 
M13 " PPOI l,4-BO+1,4-CHOM 
B15 " PPOI l,4-BO+ 1 16-HO 
B19 " PPOI l,4-BD+Dianol 22 
B16 " PPOI l,4-BD+Diano1 33 
- " PPDI (g) Diano1 (22+33), 
B29 " H12MDI 1.4-BD+l,4-CHOM 

. .~~;-. 

Block 
Ratio 

1:2:1 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" . 

" 
" 
I 

-... ---

I 

Hardness. 
(Shore) 

A D 

72 22 
78 27 
84 35 
81 28 
93 ' 30 
87 38 
85 29 
74 21 
84 30 
79 29 
60 17 
82 29 
85 30 
70 25 
83 30 
83 27 
92 40 
40. 10 
38 . 9 
92 37 
94 50 . 
82 33 
87 37 
90 41 
80 28 
40 10 
65 18 

Comments 

(d) By solution poly-
merisation tech-
nique 

(e) Good recovery 

(f) Very soft and 
tacky 

(g) Verv soft 

co 
o 
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TABLE 2.3.2: List of prepared polyurethane elastomers (stoichiometry is shown by the block ratio) 

. ' , 

, Sample 

B45 
Bl', ' 
B142 
A2 
M3 
01 
B115 
M2 ' 
B51 
B41 
B53, 
B47 
B9 • 
B24·,', . 
• "",1

0
, 

M15, 
B17 
B19 
B18 

B27 
B30 
B35 
B14 
B12 
B38 
B36 
B33 

Polyol 

Capa 225 
11 

11 

11 

11 

, 

Chain 
" Extender Oi i socyana te 

, 

CHOI Oi ano 1 22 
CHOI 1,4-BO 
CHOI (a) Polacure 
CHOI (b) 1,4-BO+l',4-CHOM 
CHOI 1,4-BO+l,6-HO 

, CHOI 1,4-BO+Oianol 22 
CHOI Oianol 22 
CHOI 1,4-BD+Diano133 
CHOI 1 ,4-CHO' 
CHOI 1 ,4-BO+l ,4-CHO 
CHOI 1 ,4-CHO+l ,4-CHOM ' 
CHOI Di ana 1 22 + TMP 
CHOI (c) Oianol (22+33) , 

Block 
Ratio 

1: 3:2 

11 

11 

11 

'~' .. ' "'I" 0l0~, , • ',' 1 ,6~MO+l ,~,:,CHOM I".,,',,', 
'. PPOI'(d)" Oiariol 33' 1 •• 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

PPOI 1 ,4-BO+l ,4-CHOM 
PPDI 1 ,4-BO+ 1 ,6-HO 
PPOI (e) , 1,4-BO+Oianol 22 
PPOI 1,4-BO+Oianol 33 
PPOI (f) Oianol (22+33) 
H12MDI 1,4-BO 
H12MOI 1,4-BO+l,4-CHOM 
TO! (9) l,4~BO+l,4-CHOM 
CHOI+H12MOI(h)l,4-BOO+l,d-CHOM 
CHOI+H12MDI Il ,4-BD 
CHOI+TOI (i) 1,4-BO 
CHOI+TOI (i) 1,4-BO+l,4-CHOM 
PPDI+H12MDI(j)1,4_BO+l,4-CHOM 

I 

11 

11 

11 

11 

11 

11 

Hardness 
(Shore) 

A 0 

94 
90 
91 
92 
85 
83 
92 
85 
90 
91 
91 
77 
89 

.,91 
55 
92 
92 
89 
82 
52 
81 ' 
72 
56 
85 
86 
87 
83 
71 

42 
38 

: 43 
" 42 

33 
1 32 

42 
31 
41 
41 
42 

. 30 
40 

. ,,: 43 
,r , \~:t.14 

43 
45 
40 
27 
16 
35 
26 
15 
34 

I. 37 
37 
33 

,26 

Conrnents 

lJ§'t1i~ 
(a) kTherma lly,:stab le 

than diol series 
(b) Tough 

(c) Good recovery 

(dY.V-el-y;:soft & tacky 

(e) Good recovery 

(f) Very flexible 

(g) Flexible & good 
recovery 

(h) Good recovery 
(i) Good recovery 

(j) Flexible & good 
recovery, transparent 



TABLE 2.4: List of prepared polyurethane e1astomers (using excess amount of diisocyanate) 

Sample Po1yol Oiisocyanate % Excess Cha in Extender Block Ratio 
• Hrdne;)s 

Shore 
A 0 

B59 Capa 225 CHO! (a) 5 1,4-BO . 1:2.1:1 85 35 
B60 .. 11 10 11 1:2.2:1 86 37 
B61 11 - 15 11 1:2.3:1 87·'· 38 
862 11 20 11 1:2.4:1 88 39 
B56 25 11 1 :2.5:1 88 40 
863 30 11 1 :2.6:1 89 41 
864 35 11 1:2.7:1 . 90 . 42 
865 40 11 1 :2.8:1 90 43 
866 45 11 1 :2.9:1 91 44 
A6 50 !' 1 : 3: 1 91 44 

- Capa 225 CHO! 5 Oian'ol 22 1:2.1:1 82 34 
- 11 11 10 " 1:2.2:1 84 36 
- " " 25 " 1:2.5:1 88 .. 40 
848 " " 50 1,~-CHOM 1 : 3: 1 92 43 
B54 " " 50 . 1,4~CHO 1 : 3: 1 88 42 
B56(1%) . " " 25 1,4-BD+glass 1 :2.5:1 92 43 

fibre (1%) 
B56(5%) " " 25 1,4-BO+glass 1:2.5:1 92 44 

fibre (5%) 
875 (1%) " " 10 1,4-80+1,4-CHOM 1 :3.3:2 92 46 

+1% glass fibre 

- Capa 225 CHOI 30 1,4-BO+ZnO (5%) 1 :2.6:1 88 41 
B88 " " (b) 30 HQEE 1:2.6:1. 93 44 
B91 " " 30 MOCA 1:2.6:1 84 31 
892 " " (c) 30 P;P'-biphenol 1 :2.6:1 92 39 . 
B93 " " 30 Quinol 1 :2.6:1 90 38 

.. . 

/Continued ... 

Comments 

(a) Tough, thermal 
stability impro-
ves wi th the 
higher % excess 
diisocyanate 

.. 

(b) Thermally stable 

(c) Thermally stable 
" " 

co 
N 



TABLE 2.4 (continued) 
- -

% Sample Po1yo1 Diisocyanate Excess Chain Extender 

B94 Capa 225 CHD! ' , 30 DHS 
B95 11 30 Bispheno1 A 
B96 11 30 1,5-ND 
P20 11 (d) 20 Po1acUre 
P25 11 25 Po1acure 
P30 11 30 Po1acure 
P35 11 35 Po1acuI'e 
B120 Capa 225 PPOI 5 1,4-BO 
B121 10 1 ,4~BD , 
B122 15 1,4-BO 
B123 20 1,4~BD 

B124 25 1,4-BD 
B125 30 l,4-BD 
BI26 35 1,4,.60 ' 
B74 Capa 225 CHD! (e) 5 l,4-BO+1,4-CHDM 
B75 10 l,4-BO+1,4-CHOM 
B76 15 1,4-BD+1,4-CHDM 
B77 20 1,4-BD+1,4-CHDM 
B78 25 1,4-BD+1,4-CHDM 
B79 30 1,4-8D+1,4-CHDM 
B80 35 l,4-BO+1,4-CHDM 
B81 40 l,4-80+1,4-CHDM 
B82 I 45 l,4-BO+1,4-CHOM 
883 11 50 1,4-80+1,4-CHDM 

ICanti nued •.• 

.- , Hardn'ess 
Block (Shore) 
Ratio 

A D 

1:2.6:1 89 37 
1:2.6:1 84 29 
1:2.5:1 87 33 
1:2.4:1 89 39 
1 :2,.5:1 90 40 
1:2.6:1 91 40 
1:2.7:1 93 42 
1:2.1:1 89 41 
1 :2.2:1 90 42 
1 :2.3:1 89 41 
1 :2.4:1 89 42 
1 :2.5:1 ,90 42 
1:2.6:1 90 42 
1 :2.7:1 1,90, 42 
1:3.15:2 92 44 
1:3.3:2 92 45 
1:3.45:2 92 45 
1: 3. 6: 2 93 46 
1:3.75:2 94 47 
1 :3.9:2 94 48 
1:4.05:2 94 51 
1 :4.2:2 95 52 
1:4.35:2 95 53 
1:4.5:2 96 53 

, 

1 

Comments 

, 

[ii)Qr:~j 
(d)lTherma11y stable 

• , than dio1 
series 

' . 

(e) Increasing ther-
mal stability 
with excess 
di i socyana te 

ex> 
w 



TABLE 2.4: continued 

Sample . Po1yo1 Oi i socyanate % Chain Extender Excess 

B84 Capa 225 CHOI 5 l,4-BO 
B85 11 11 10 11 

, 

B86 11 11 25 11 

-
B87 11 11 30 11 

B143 Capa 225 CHOI (f) 5 Po1acure 
B144 11 11 10 11 

B145 11' 11 15 11 

B146 11 11 20 !' 

B147 11 11 25 If: 

B148 11 11 30 11 

B97 Capa 225 CHOI 30 l,4~CHO 
B89 11 11 30 HQEE 
- 11 11 30 P,P'bipheno1 . [ 

- 11 30 Quino1 .. 

- 11 30 OHS 
B99 11 30 l,4-CHO+HQEE 
B100 11 30 HQEE+Po1acure 
8100 " 30 l,4~CHD+Po1acure 
8133 11 30 TMP 
B151 11 30 Po 1 acure + ben- . 

zof1ex (10%) . 
B149 11 

11 (g) 30 Capa 305 
879 lO.I%) " " 30 . 1 ,4-BO+ 1 ,4-CHOM 

(0.1% irganox) 

IContinued •• 

. . 
Block 
Ratio 

A 

1:3.15:2 92 
1 :3;3:2 92 
1:3.75:2 96 
1 :3.9:2 96 
1:3.15:2 93 
1:3.3:2 94 
1 :3.45:2 95 
1:3.6:2 95 
1:3.75:2 95 
1 :3.9:2 95 
1 :3.9:2 95 
1:3.9:2 98 
1:3.9:2 .. .' . 98 
1:3.9:2 95 
1 :3.9:2 94 
1 :3.9:2 95 
1 :3.9:2 97 
1:3.9:2 95 
1 :3.9:2 80 
1 :3.9:2 92 

1:3.9:2 77 
1:3.9:2 94 

Hardness 
(Shore) 

0 

43 
44 
49 
49 
43 
48 
50 
51 
52 
53 
48 
56 
52 . 
48 
48 
52 
52 
52 
39 
57 

27 
46 

Comments 

(!l\Qt6i 
(f)kTherma11Y stable 

" than dio1 
homologous, ther-
mal stability 
increases with 
increasing NCO 
content 

(g) Soft polymer 

Cl 
.po . 



TABLE 2.4: continued 

Sample Polyol Oiisocyanate % 
Excess 

B79 (0.5%) Capa 225 CHOI 30 
" 

. 
"" - !- , . 

" , , 

B156 Capa 240 CHOI (h) 30 
- " " 30 

.. 

B112 Capa 225 PPOI 30 
, Blll " " 30 

Bl03 " " (i) 30 
B108 , " " 30 
Bl06 " " 30 

Bl16 " " 30 
B130 " " 30 
B132 " " 30 
B109 " " 30 

" 

Capa 240 PPOI 30 -
B102 , " " (j) 30 
B107 " " 30 
B110 " " 30 " 

B131 Capa(240+305 PPOI 30 
B104, Capa 240 CHOI (k), 30 
B105, 11 11 30 
Bl17 Capa 225 CHOI 30 

/Continued ..• 

"., 

Chain Extender Block 
.' Ratio 

-' 
1,4-BO+l,4-CHDM 1:3.9:2 
(0.5% irganox) 
Capa 305 1:3.9:2 
TMP 1:3.9:2 
Quinol 1:2.6:1 
1,5-NO 1:2.6:1 
Dianol (22+33) 1:3.9:2 
TMP': 1:3.9:2 
Oiano1 (22+33) 1 :3.9:2 
+TMP 
TMP+Diano1 33 1 :3.9:2 
TMP. ' 2:5.2:2 
TMP+Benzof1ex(10%) 2:5.2:2 
TMP 1:2.6:1 
HQEE 1:2.6:1 
Diano1 (22+33) 1:3.9:2 
TMP 1 :3;9:2 
TMP+Benzof1ex(10%) 1:3.~9:2 
TMP 1 :3.9:2 
TMP 1 :2.6:1 
TMP+Benzof1ex(10%) 1:2.6:1 
Diano1 33 + TMP 1:2.6:1 

Hardness 
' (Shore) , 

A 0 
,', 

93 46 

70 29 
81., 30 
82 31 
83 35 
62 21 
75 26 
66 24 

, 66 25 
64 21 
60 18 
64 21 
95 52 
94 46 
90 33 
93 35 
70 26 
95 49 
93 ' 28 
80 29 

Comments 

, (h) Crystallizable 

(i) Soft 
" 
" 
" 
" 
" 
" 

(j) Crysta1li zab le 
" 
" 

Soft 
(k) Crysta11izab1e 

11 

, 

(Xl 
()1 
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TABLE 2.4: continued 

% Sample Po1yo1 Oiisocyanate Excess 

Bl14 . Capa 240 H12M01 30 
B137 " " 30 
8134. " " 30 

, 

~ 

9135 ' Capa 225 TOl 30 
B136 . " TOl 30 
8153 . " MOl 30 
8138 " MOl (1 ) 30 
B141 " " 30 
B140 . " " 30 
B155 Capa 231 CHOI (m) 30· .. 
B158 " " 30 
B154 Capa 225 " 30'.· .' 
B159 Capa 720 PPOI 30 
B150 " CHOl 30 

,. ~;.: 

Block Chain Extender. Ratio 

TMP+Benzof1eX (10%) 1 :3.9:2 
TMP 1 :3.9:2 
1,4-80 1:2.6:1 
1,4-80 1:2.6:1 
TMP 1:3.9:2 
Po1acure 1:3.9:2 
1,4-BO 1:2.6:1 
TMP 1:3.9:2 
Oiano1 (22+33) 1:·3.9:2 
Capa 305 1:3.9:2 
Polacure 1 :3.9:2 
Po1acure 2:5.2:2 
TMP . 1:3.9:2 
Polacure 1:3.9:2 
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rIGURE 2. 1: Typical laboratory apparatus for the preparation of a 
polyurethane elastomer 
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CHAPTER 3 

CHARACTERISATION AND PROPERTIES 
OF POLYURETHANES 

3.1 CHARACTERISATION 

A number of analytical techniques are used in the study of polymer 
morphology and their .solid state structure property relationship. 
These'include dynamic mechanical analysis. thermal analysis, infra-

, .. 
red spectroscopy, X-ray diffraction and scanning electron micro-
scopy. Since these techniques have been employed in the present 
investigation on thermally stable polyurethane elastomer, they will 
be briefly reviewed • 

. . ~ 

3.1.1 Dynamic Mechanical Analysis. 

The dynamic mechanical methods have been employed to.understand 
polymer morphology and microphase ~e~aration. 'Huh and cooper123 

studied the dynamic mechanical properties of 'polyester and polyether 
urethane block polymers at. different frequencies in the temperature 
range of-1SO to 2000C. The existence of a two phase structure was 
demonstrated by the observation of two major transition regions, the 
glass transition temperature (Tg) of the ester or ether soft segments 
and the softening temperature,of the aromatic-urethane hard segments. 
They also showed that all. relaxation phenomena ~Iere greatly influenced 
by the molecular weight. of the prepo1ymer, weight percent of the hard 
segments and thermal ,history. An increase in the molecular weight of 
the prepolymer above 1000.at constant hard segment content· resulted 
in a semi-crystalline material, which possessed a lower Tg for the 
macrog1ycol segments.' 

III i nger and co-workers 124studi ed the low temperature dynami c mecha
'nica1 properties of po1yether based urethanes asa function oT compo
sition, temperature and frequency. The T9 of the soft segment was 
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found to be approximately the same as that of a homopolymer up to 
a minimum diisocyanate level •. However. when this level exceeded 
the soft segment Tg was significantly raised. This was explained 
by restrictions in. soft segment mobility due· to termination of 
soft segments by urethane groups. and a1so.because of participation 

. of the urethane block in the domain structure. Seefried eta175 '· 
investigated both ,the soft and hard segment variation effects in 
thermoplastic polyurethanes based on polycapro1actone dio1/MOI/ 

~ . . 

l,4-BO systems by using dynamic mechanical techniques. They found 
-. -. . -- '.- - -,. - ~ 

the glass transition temperature ,of these materials progressively 
shifted to lower temperatures as the chain length. of the soft seg
ment was increased. 'A similar technique was used to study the 
variation of hard segment concentrations in two different molecular 
weight polyester diols with soft segments of 830 lfri and 2100 lfri 
respectively. The urethane polymers based on an 830 lfri po1ycapro
lactone diol exhibited a.progressive increase in glass transition 
temperature at increased level. of hard segments •. ,In contrast, the 
urethane polymers prepared with a 2100 Hii. polycaprolactone dio1 as 
the soft segmentmaintained a relatively constant.glass transition 
temperature. These differences are attributed to the relative degree 
of phase separation between the constitutive blocks of the copolymer. 

Non-hydrogen bonded PUs: ,Brunette et.al125 investigated the effect 
of hard seglllentcontent variation.ona series of segmented polyure
thanes based on a IJiYlttilllJ terminated polybutadiene soft segment . 
(HTPBO). These materials are linear and amorphous and, have no poten
tialfor hydrogen bonding between the hard and soft segments. The· 
existence of two-phase morphology was deduced from dynamic mechanical 
behaviour,;,and .. thermal analysis. Both.techniques showed a soft seg
ment glass transition temperature, (Tg) at -560C and 'hard segment 
transitions between 20.and lOOoC, depending on the urethane content. 
The value of Tg in these polyurethanes as compared to a value of -,640 C 
for the pure HTPBD and ,its invariance with increasing urethane content . '. 

indicate that phase segregation is very.nearly complete. Since ,TDI /60. 
form amorphous hard segment regions, the driving force for phase 
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segregation must come from the extreme incompatibility of the apolar 
soft segment and the strongly polar hard segment units. In addition 
there is no hydrogen bonding contributhin"' to increase the compati
bility between the two phases. 

3.1.2 Thermal Analysis 

Thermoana1ytica1 .techniques have been used.in the study of the mor
phology and intermolecular bonding in.po1yurethanee1astomers.· These 
techniques include differeiltia1 scanning ca10rimetry(DSC), differen
tial thermal analysis (DTA), thermomechanica1 analysis (TMA) and thermo
gravimetry (TG)126. Three characteristic transjtions common to samples 
of varying composition are normally seen by DSC, namely the major 
glass transition and two higher. transitions were attributed by several 
earlier workers40 ,54. to the disruption of.different types of hydrogen 
bonding. Miller and Saunders94 demonstrated therefore, that all ther
mal transitions can be attributed .to.either.the soft segment, the hard 
segment. or interactions of the two. :.The following effects were sugges
ted as being possible in segmented-'po1yurethane materials: 

a) Transition of the soft segment may be.unaffected by copo1ymeri
sation; 

b) Interference by the hard segments may lead to a reduction of 
soft segment transition behaviour; 

c) The soft segment transition may.,be increased by the hydrogen 
bonding with the hard segment; 

d) The hard segment transition may fall due to interaction with 
soft segments; 

e) The hard segment transition .. may be low due :to short segment 
1 ength; 
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f) Hard segments of sufficient length ,may form ordered zones 
(truly crystalline) giving transitions comparable to those 
in the pure polyurethane. 

The differential scanning calorimetry (DSC) studies of urethane '" ' 
block polymers that have no capability of hydrogen bonding confirm 
that the DSC endotherms .,do not result. from. disruption of specific 
secondary bond interaction. 'Ng et a1 78 investigated thermal transi-, 

• -, .1 J • • 

, t,on behaviour by DSC in polyurethane based on polyoxytetramethylene/ 
piperazine/l,4-BD. These materials possess'a well. defined segment 
molecular weight and'molecular weight distribution'and no possioility 
of.intermolecular hydrogen bonding as there are noNH groups avail
able. It rather appears that all three eridotherms are morphological 
in ori gi n.. A transi ti on at approximate.ly -700C was associated wi th 
the glass transition temperature of the ,soft segment and a poorly 
defined transition around 400C was associated with-the,glasstransi
tiontemperature of amorphous hard segment. The.highest temperature 
peak may 'be assigned to relatively well ordered microcrystalline poly
urethane segments, the numbers and -perfecti on'of which are determined 

, . 
by segment length and thermal ,history.' DSC.curves of annealed samples 
indicate that domain morphology may be affected by thermal 'treatment. 
The lower temperature endotherms represent disordering of hard seg
ments with ,relatively short-range order ,that may be improved in a 
continuous manner by annealing. Annealing followed byrapid'cooling 
ofa segmented copolymer was studied by Hesketh eta1 96., DSC measure
ments taken immediately after the quench show that. the soft segment 
Tg is higher than that of the control, suggesting that the applied 
thermal history promoted ,increased mixing of hard and soft segments. 
The Tg then decreases back to its original value at a rate dependent 

'on the, driving force for phase segregation and the viscosity of the 
material. If'the material has highly ordered hard segment domains or 
is semi-crystalline, this effect is significantly. reduced or even 
absent. 
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Comparison of the transition behaviour·of the materials prepared by 
Ng et a1 78 with the hydrogen bonded polyurethanes of Huh et al 123 

demonstrates the increased soft segment Tg value 'in the hydrogen 
'bonded systems associated with hard/soft segment hydrogen bonded 
. interactions.' Increased hard segment content in the piperazine 

e1astomers was found to'give higher soft segment glass transition 
temperatures. This was explained ,in terms of interaction of hard 
segment domainswith the soft matrix, i.e., the domains act as filler 

.,': .'-

'partic1es'in the systems.- A poorly defined DSC endotherm at approxi
mately 600C was found to move to higher temperatures and finally 
merge with .the higher temperature transition on annealing the sample. 
Similar behaviour has been reported. in hydrogen bonded systems by 
Seymo~r and Cooper56 ,127. . 

., 

'Schneider et al128-129 studied structural organisation and thermal 
transition behaviour of po1yurethanes.based on toluene diisocyanate. 
Thermal transition behaviour was observed by,OSC~ Three major 
transitions were observed and designated T1, T2 and T3 •. The T1 
transition, associated with the soft segment'glass·transition temp
erature was found to increase with .increasing urethane concentration 
in the 2,4-TOl samples. Tg for 2,6-TOl samples was'genera11y inde
pendent of urethane concentration. In 2,4-TOl materia1s'a'T2 transi
tion around 600C was observed although no similar. transition was . 
found for.2,6-TOl samples. They suggested that the T2 transition 
which. occurs in the 2,4-TDl polyurethanes is .indicative of weak . 
domain structure and that.the increase in Tg withurethane concentra
tion is due to extensive hard segment mixing with the soft segment 

. phase. The absence of a T2 transition in 2,6-TOl is taken to indicate 
that all domain.structure which occurs is highly ordered and therefore 
that hard segment-soft segment mixing is minimal. All 2,6-TOl poly
urethanes displayed a repeatable transition (T3) in the range 120-1600C 
whereas only 2,4-TOl samples with highest urethane content showed. a 
T3 transition above 1500C. 
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Paik Sung et al 130 studied the polyether poly(urethane ureas) and 
polyester poly(urethane'ureas) .based on2,4-TDI/et~ylene diamine/ 
poly(tetramethylene oxide) or poly(butylene .adipate), to find out 
the effect of urea linkage in the hard segment on·theextent of 
phase segregation, domain.structure and polymer properties. They 
reported that in both series, the har.dsegment domains are amorphous 
with A very high Tg(165~1900C) even in\ow urea content compositions. 

3.1.3 Infrared SpectroscopY 

It is well known that interchain interaction. forces, including hydro
gen bonding (H-bonding) .affect many physical properties of urethane 
elastomers to a considerable extent19• The extent and possible forms 

• 
of hydrogen bonding is dependent on many factors including the elec-
tron donating ability,.relative proportion and spatial arrangement of 
the proton-acceptor groups.in the polymer chains. Functional groups 
of a molecule possess characteristic vibrational. frequencies and by 
observing these absorption frequencies, information on the overall 
molecular structure can be obtained •. Infrared spectroscopic tech
niques have been used·to determine the groups involved in hydrogen 
bonding in polyurethane materials; While the majority of hydrogen 
bonding occurs between hard segments, it appears. that a significant 
proportion also occurs between NH groups of the polyurea or polyure-

. thane hard segment and the ether oxygen. of the polyether or ester 
carbonyl oxygen of the polyester. soft segment. 

Several investigations into the nature and extent of hydrogen bonding 
in segment~dpolyurethane elastomer systems have been·reported52 ,13l-l34. 
Paik 'Sung'and Schneider49 investigated hydrogen bonding in two series 
of toluene diisocyanate polyurethanes based on the individual 2,4- and 
2,6-TDI isomers, a polyether soft segment and butane diol. Three 

. major absorption regions were investigated: 
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1. NH stretching band in the region of 3460-3300 cm- l • 

2. .Carbonyl (C=O) stretching band in the region of 1740-1700 cm-l • 

3. . Ether (C-O-C) stretching band in the region of 1300-1000 cm-l • 

" . " 

Themajor.NH bond at near 3300. cm-l.is attributed to. the' hydrogen 

bondedNH groups. while a shoulder on.the high frequency'side (near 

3460 cm- l ) is assigned to the non-bonded NHgroups. Their results 

indicated that 95% of all NH groups are. hydrogen bonded. in the solid 

• state at room temperature. 

The regions that are mentioned above. ft]§e1;I\(~;·\;;':i:t~:t6e!~Btf~ti:~ 
. absorptions regi on (3000-2700 cm -1) are important. in polyurethane 

analysis. Participation in hydrogen bonding decreases the frequency 
."t' " 

of theNH and c=o vibrations and increases their. intensity. making 

these absorptions very useful in. the study ot' hydrogen bonding , 
effects. Changes in hydrogen bonding can thus be .followed. in prin-

ciple. by frequency or intensity measurements. 

Absorption of the carbonyl groups are also of' potential use.~in hydro

gen bond studies. Splitting of the carbonyl llia~(1740-1700 cm-l ) 

due to hydrogen bonding has. been reported by Seymour et al 135 for a 

polyether/MDlbasedpolyurethane elastomer. They interpreted a band 

at 1703 cm-
1 

as caused by. hydrogen bonded carbonyl while a band at 

1733 cm -1 was attributed to the free carbonyl groups. Simil arly. 

Paik Sung and Schneider 49 reported splitting of the carbonyl band for 

polyether/TDI based polyurethanes. 2,4-TDI based polymers showed 

splitting of the absorption. band into two peaks. one at 1740 cm-l that 

was attributed to the free carbonyl group. and the other at 1720 cm- l 

that was assigned to the hydrogen bonded carbonyl group. Spectra of 

2.6-TDI.based polymers showed two peaks at 1740'cm-l and 1700 cm- l 

ass i gned to free and hydrogen bonded carbonyl groups respectively. 
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Seymour and Cooper56 investigated the thermal behaviour of hydrogen 
bonds in polyurethane elastomers by studying the temperature depen-

\ 

dence of infrared absorption for the NH vibration. Virtually all 
of the NH·groups were hydrogen bonded at.250C giving a single peak 
at 332U cm- l • As the temperature was raised, a high frequency 

. . 
shoUlder developed and .the overall intensity diminished •. Non-hydro-

,\. 

gen bonded NH.groups are known to absorb at a higher frequency and 
with im.ich lower intensity, so that. the latter effect can be used to 
monitor hydrogen bond disruption • 

. The dependence of the segment .. size on hydrogen bonding was cohsidered 
by Tanaka et a 1136. They showed that in po lyether based polyurethane . 
material s, the i ncreasei n hydrogen bonding between NHand ether groupsUs I 
[{S{oT.pa.~j~·p.] the increase in soft segment size. Further evidence of 
this effect· is provided by the result of Nakayama et al 134 on poly
ether/MOl/ethylenediamine based materials. 

Paik Sung and co-workers 137 investig,i'ted hydrogen bonding in two series 
of polyether poly(urethane ureas) based on 2,4-toluenediisocyanate, 
ethylene diamine and.either 1000 and 2000 molecular weight poly tetra
methylene oxide. They:concluded that three dimensional hydrogen 
bonding may exist· within their hard segment domains, where one urea 
carbonyl is hydrogen bonded to two NHgroups. As suggested by IR 
studies, this type of three dimensional hydrogen bond:'formation may 
provide the driving force for much improved phase segregation, even 

. at low urea content. It was. noted that this type of three dimensio
nal hydrogen bonding has not been detected in polyurethanes extended 
with diol. IR studies also indicated that the interface between the , 
hard segment domain and the soft polyether matrix is quite sharp, 
since most of theurethane carbonyl is free from bonding. 
o . 
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3.1.4 X-Ray Diffraction' 

X-ray scatteringaE~t~~technique which 'is appropriate·todeter
mine the geometry of theregu,larly repeating unit cell and polymer 

as It ' . 
segments in block copolymers~ls one of the effective techniques for 
investigating the ordered arrangements of atoms and molecules 

. present in a solid SUbstance. 

Bonart and co-worker in a series of publ.ications58,138,139,140, repor.
ted the investigation of structure in polyurethane elastomers by using 
X-ray diffraction techniques,. A polyurethane based on poly(oxytetra
methylene)/MDI and extended.with hydrazine was investigated13B by 
wide-angle X-ray (WAXS) and small angle . X-ray' scattering (SAXS)' tech
niques .. , They observed in relaxed samples. a broad amorphous halo at 
4.5 ~ and a weak interference ring at 12 ~ in the (WAXS) photographs 
indicating the absence of crystallinity. However, at· 500% elongation 
the samples showed clear fibre. type diagrams having highly oriented 
crystaLreftexe,s_!,. This was considered due to the crystallisation of . 
soft segment polyol on.extensi on. .Polyether soft segments tended to 
stress crystal 1 ise whereas .polyestersoft segments showed only para
crystalline behaviour. 

A small angle X-ray scattering (SAXS) study140 of aliphatic diol 
{e.g. l,4-BD) andaliphatic diamine (e.g. hydrazine) chain extended 
polyurethanes. showed a retention of. phase segregation at lower hard. 
segment sizes .in.the diamine materials' and a loss of phase segregation 
in the diol materials. This effect was thought to be due to the excess 
NH groups present in the diamine extended material resulting in the 
interaction of carbonyl (C=O) groups with at least two NH groups 
through hydrogen.bonding.indifferent directions. 

The domain structure in both po1yether and polyester derived polyure
thaneswas studied by Clough et a1 40 ,41 • By means.of.light scattering 
and small angle X-ray scattering (SAXS), they concluded that phase 
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separation into a domain structure occurs in both types of elasto
mers, but to a higher degree·in.the polyether-based polymers than 
in the polyester-based polymers,' possibly due.to.restrictions in 

. 'the latter imposed. by interaction of the ester and urethane groups. 

Samuels and Wilkes60 investigated the structure of non-hydrogen 
. bonded piperazine polyurethane using wide angle X-ray scattering 

(WAXS) and small angle:·x-ray· scattering (SAXS)tech~iques to gain 
more knowledge about the detailed nature of·the spherulitic texture, 
in the polymers. The presence of a well defined small angle diffrac
tion corresponding to a Bragg spacing.of approximately 10 nm was 
thought to indicate domain structure. The wide angle diffraction 
patterns of the polymers' showed an increase in sharp crystalline 
reflexes with increasing·'hard segment length •. This was suggested to 
be due to the formation of larger crystalline' components. 

Wilkes and' Yusek 141 irivestigated diol extended polyether and poly-· 
ester derived polyurethanes by wide· angle an~.small angle X-ray 
diffraction' to gain some understanding.of the extent. of domain forma-· 
tion in' polyurethanes of varying urethane content. They found that 
the domains are generally lamellar in shape with an average centre
to-centre separation of 10: to 25 nm. It was suggested that these 
domains serve as crosslinks which prevent. rapid relaxation of the 
chains, so that when the polymers are.stretched, the'rubbery poly
ester or polyether can stress-crystallise arid give a high tensile 
strength. 

Chang and Wilkes61 reported ~~ray studies on.a series of segmented 
polyether urethanes with'polyethylene oxide, polypropylene oxide or 
both soft segments., Hard segments were composed of H1ZMDI (Hylene W) 
and diamines of varying structures. A series of polyether/H12MDI/ 

'diamine materials of varying soft segment/hard segment relative sizes 
were investigated. Only samples with high molecular weight soft segments 
gave crystalline reflexes •. All other samples showed no evidence of 
crysta 11 i nity. 
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Schneider et al 128 found that wide angle X-ray diffraction patterns 
of the polyurethanes, based on asymmetrical toluene diisocyanate 
(2,4-TOI) showed only a broad'amorphous'ring and gave no indication 
of crystallinity. The more symmetricaL2,6-TDI based po1yureth~nes 
of highest urethane content exhibited crystalline diffraction. 

, Minoura et al 142 investigated,the wide,ang1ex.,.ray'diffracti'on 
intensity of urethane e1astomers, with varying molar ratio in the 
hydroxy1termimited po1ybutadiene/HDI/1,6-HO system.' They"'found an 
increase in the diffraction intensity of the e1astomers with increase 
in molar ratio. The effect'of changing diisocyanates structure on 
X~ray diffraction intensity was also' investigated by using TDI, MOl 
and HOI cured e1astomers. The diffraction intensity of the TOI-cured 
system 'was weaker than those of the MOl and HDI cured systems. This 
was thought to be due to the spatial order of polymer segments in 
TOI cured systems which is restricted, sterically, but in the MOl and 
HOI systems crystallinity is easily induced because of facility in 
the orientation of the polymer segments. These series of investigations 
were carried out by using aromatic-'dio1s as chain extenders. Ih the 
wide angle X-ray'diffractions,on the e1astomersderived from catechol, 
resorcinol and quino1, the diffraction'itltensity was shown to decrease 
as follows: 

, 

Para isomer> meta isomer> ortho isomer 

decreasing order 
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3.1.S·E1ettton Microscopy 

Electron microscopy has proved to be a successful technique for 
.studying the. complex morphology of bJo.ck polymers. The direct 

• • e' • 

observation of samp1e':surfaces can be.provided by scanning electron 
microscopy techniques. Under favourable conditions, such as when 
the domains are crystaHine, transmission e1ectronmicros'copy can 
provide direct information on the domain structure in polyurethanes. 

Koutsky et al 143 studied the evidence.of a domain structure in po1y
ether and polyester segmented po1yurethanes.by using transmission 
electron microscopy. Domain structures were obse~ved for both 
systems. and hard domains were.found to.vary from 3.~to 10nmin 
width.', The relative size of the domains varies depending on sample 
preparation. 

Wi1kes et a1 144 studied scanning (SEM) and transmission (TEM) elec
tron microscopy Of a model series.offour segmented polyurethanes 
(Figure 3.1). They found that we1i~structured spheru1itic morpho10-
gies could be induced in the homopolymer systems and their mixtures, 
and the control over the textures could be maintained by solution 
casting conditions. The domains were.observab1e via TEM, and the 
general orientation of this structure within the spheru1ites was also 
noted •. 
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FIGURE 3.1: The Model Series.of Segmented Urethanes Used in Electron 
Mi croscopi c Study by Wi 1 kes :et a 1 
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3.2 EXPERIMENTAL 

3.2.1 Dynamic Mechanical Thermal Analysis (DMTA) 
, . 

3.2.1.1 Introduction .. " -'" .. 

In order to understand polymer morphology and microphase separation, the .. 
. development of short time .screening tests has therefore been undertaken 

in recent ye'a.rs resulting in one particular technique which ,is. now 
increasingly.used to predict suitability for service in the engineering 
field. This is the Dynamic Mechanical The,rmalAnalyser (DMTA) test 
method which measures both.the stiffness and energy absorption proper
ties of a material in dynamic modes by subjecting a small strip of the 
polymer to constant cyclic deformation and measuring the resulting 
storage modulus (E') and energy absorption (tan 0). Dynamic Mechanical 
Thermal 'Analysis (DMTA) senses any change in molecular mobility in the 
sample as the temperature is ra1sed or lowered .. Generally.the applied 
force and the resulting deformation are varied sinusoidally with time. 
The time scale required for the molecular motion to manifest itself is 
determined by the frequency, f, of the impressed sinusoidal stress. 

A knowledge of the viscoelastic behaviour of polymers, and its relation 
to molecular structure is essential to understanding of both processing 
arid other related properties.. Polymers ,are termed visoel astic because 
some fraction of the energy required to cause recoverable deformation 
is dissipated within the material. There are three moduli which are 
used to describe the viscoelastic behaviour of polymers • 

. 'Storage 'riJOduZus ' (E' ) 

Storage modul us (E ') whi ch is usua 11y plotted against temperature or 
frequency with logarithmic scale, is a measure of the energy stored 
and recovered per cycle when different systems are compared at the same 
strain amplitude • 

. 
) 



" 

1 01 

Loss '1i1oc'lu~us . (E") 

Loss modulus (En) is a measure of the energy dissipated ,or lost per 

cycle of sinusoidal deformation when different systems are compared 

at the same strain amplitude. 

Loss' tangent is a measure of the ratio of energy 'lost to energy-stored 
, En 

in a cyclic deformation. It is dimension1ess parameter. tan 0 = r- . 

DMTA characteri ses , ... ··the rubber and glassy state modulus levels. 
,. 

Dynamic"'properties (storage modulus and tan 0) are dependent on both 

frequency and temperature and it is possible to approximately relate 

the two effects quantitatively,. The general form of the effect of 

temperature on storage modulus (E') and tan 0 is shown in Figure 3.2. 

, ?' Storrge modu1 us 

1 
1 
1 
1 
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I 

, 
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Tran _I 
ition 1"'1 __ 

Reg10n! Rubbery 
, re ion 
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FIGURE 3.2: General form of the effect of temperature on storage 
modulus and tan 0 
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The effect of increasing or decreasing frequency is to shift the 
curves to the right or left respectively along the temperature axis. 
Figure 3.3. 

Log E' (N/m2) 

Temperature 0c 

FIGURE 3.3 

DMTA has been considered as one of the most effective tools in the 
investigation of poly-blend and block copolymer systems. Just as 
phase separation is'demonstrated by separate Tg're1axation processes 
in copolymers (i.e. SBR which shows clearly two Tg). so a reliable and 
most sensitive method for assessing compatibility, is the observation 
of one conjoint relaxation process (i.e. blend of PS' and PPO).Fig34&35 . . _. 

In the present work DMTA was used to measure thermal stability and 
strength retention to predict suitability for service in the engineering 
field by observing the changes in modulus which occurred with rise in 
temperature. In addition the morphology and hard/soft segment mixing 

1 - ...... (11 , was a sO~!;!)(a~l~.I' 
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9. Log E' (N/m?) 
9.0 

Log E' (N/m2) Tan 0 

9.5 0.30 

9.0 0.25 6.0 
0.20 Tan 0 8.5 
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Po1yst 0.10 Rubber Tg + Tg 1.0 

7.0 relaxation relaxation 0.05 
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FIGURE 3.4: Styrene-butadiene block 
copolymer. Phase sepa-
rated . 

3.2.1.2 Experimental Procedure 

FIGURE 3.5: Compatible blend 
exhibiting one Tg 
relaxation· 

The properties of the prepared polyurethane e1astomers were measured 
by using the Polymer Laboratory's Dynamic Mechanical Thermal Analyser 
(PL-DMTA)*. A small rectangular strip test specimen of dimensions 
(40 x 10 x 2 mm) was used. The test specimens were subjected to con
stant cyclic deformation of the type shown in Figure 3.24.over a con
stantly changing temperature and the storage modulus (E') and tan 0 
were m§@rl!§\and used. Analysis was carried out at 1 Hz frequency 
over the temperature range -1400C to +3000C maximum, whenever possible; 
heating rate was 40C/minute. The temperature at which log E' reached 
a value of 5.5 N/m2 was. taken as an arbitrary indication of the loss of 
mechanical integrity and melting of the hard segments and.then the test 
was stopped. The log E' and tan 0 were plotted on an X-V recorder 
(PL 2500 JJ). 

* Polymer Laboratories Ltd, Loughborough, Leicestershire, UK. 

~: 
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·3.2.1.3' Results and Discussion 

The DMTA results determined over the temperature range -1400C to ' 
+3000Care presented in Figures 3.6 to 3.22 and Tables 3.2 to 3.20 • 

... ' Fi gure 3.6 shows a typi cal DMTA llitai\;~~r ofa prepared polyurethane 
elastomer which exhibits a constant log E' value of .9 N/m2 in its 
glassy region (below Tg). see Part A of Figure 3.6.,; 

<, A sharp decrease in modul us ~N::~l, (approximately two, orders of 
magnitude) as' the temperature is increased through the glass transi
tion region ove~,a narrow temperature range of approximately 20,C, 

" 
which is the rubbery region (above Tg). where no'further decrease in 
modulus is observed to occur with temperature rise. Finally at the 
elevateq temperature of 1600C and above. a gen~ral ';oftening and 16we
r)ng of modulus occurs and all specimen clamping forces are lost. All 
the PU polymer samples'prepared showed a similar trend of relaxation. 

More than one transition will. normally be encountered. in the temperat~re 
plane. The main transition which is d'esignatedas the a-relaxation and 
enables Tg to be derived is considered to represent the soft segment 
(polyol) transition in the polyurethane molecule. It is considered 
due to the onset of micro-Brownian motion of the main chains about 
Tg 147. 

At low temperatures a secondary relaxation peak is observed at about 
-800C and designated as a Speak. The.s damping peak may be attribu
ted to the motion ofNH- or carbonyl (C=O) groups145 of the esters and 
urethanes to which water molecules are associated by hydrogen bonding. 
This secondary peak is also ascribed to the motion of water molecules 

. in polyamide.and polyurethane systems146 • Another secondary loss peak 
observed at about -1200C (1 Hz) is designated as the y peak. The y 
relaxation may be assigned to a local motion of the methylene sequences148.149 
including'polycaprolactone'polyester soft segment. 
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Determination of the relaxation spectra of polymers is useful not only 
for understanding ,the molecular motions in the structure, but also for 
practical applications. The a dispersion 'is associated with the glass 

,'transition temperature and is accompanied by the, greatest change in _. , 
the stiffness of materials • 

. ,.:-";' 

. In this research the effect' of the chemical structure of various diiso-
cyanates on the thermal stability of their polyurethane elastomers is 
found by comparing.five different types of diisocyanate based PU poly
mers in ~/hich the variable was the diisocyanate. The bas'ic formula
tion was based on CAPA 225/diisocyanate/l.4-BD of molar ratio 1/2.6/1 
respectively. The results are given in Table 3.2 arid Figure 3.7. The 
temperature at which the value of log [' changes significantly is 
considered to indicate the limit ,of thermal stability of the polyure
thanes. Table 3.2 gives the temperature for each system'at which the 
storage modulus starts to significantly decrease. Itis seen that 
the CHD! based polyurethane demonstr'ated relatively higher temperature 
stability than other diisocyanate based polymers. As seen in Table 3.2, 
the storage'modulus of the CHDI based PU started to decrease at +1810C 
while the storage modulus of the H12MOI based'PU starts to decrease at 
1000C*. The other diisocyanatebased PU'S fall in between these two 
temperatures. From the results obtained from Figure 3.7 the contribu
tion to thermal stability of the various diisocyanates falls into the 
following order: 

CHOI > PPOI > MOl> TDI > H12MDI 

Decreasing thermal stability 

, Itis importa~t to not~that th~ H12MOI based polyu:etha~e. does not 

* The limit of thermal stability was determined by taking the point 
of inflexion. 
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show constant dynamic storage modulus in the rubbery region. It is 
also important to note that an unusual property possessed by the CH~I 
based PUIS is the apparently constant dynamic storage modulus· (El) 

. possessed over'the relatively~ 1 arge _temperature range of ,!"2ooC to 
+18ooCor above depending on"types offormu1ation; by comparison 

, ., 

the other diisocyanate based polyurethanes show a continual, though 
. .' . .. '~, 

often gradual, reduction in modulus as temperature increases.'. 

Figure 3.8 compares the loss tangents (tan 0) of different diisocya~ 
nate based polyurethanes •. Three relaxation peaks are observed in the 

. low temperature range and designated as the a, a, and y peaks. The 
overall effects of the diisocyanate structures are significant with 
the major phase changes occurring.at about -15 to -330C (Table 3.3). 

,~ . . . 
However the CHDI based PUIS show better low temperature propert1es 
(lower Tg), than other diisocyanate studied. '. It is noted that the 
magnitude of the a andy-peaks are'small in comparison with the a
peak (Table 3.3) • 

. InfZuence 'Of 'the .'mixed 'diisoayancite 'struct7li'e 'Or! 'themciZ 'stabiUty 
) 

DMTA data of Figure 3.9 and Table 3.4 enable information to be derived 
concerning the effect of mixed diisocyanates on temperature stability. 
Figure 3.9 represents the temperature dependence of'the storage modu
lus and loss tangent (tan 0) of two series of polyurethanes based on 

'CAPA 225/CHDI+TDI/1,4-BD and CAPA 225/CHDI+H12MDI/l,4~BD. The mixed 
CHDI+TDI based PU shows higher thermal stability than mixed CHDI+H12MDI. 
On the other hand from the information resulting from the Tab1es3.2 
and 3.4 it is clearly shown that the thermal stability can be improved 
by.using CHDI as a co-diisocyanate in both series of CAPA,'225/TDI/1.4-BD 
and CAPA 225/H12MDI/l,4-BD based polymers. This shows that the effect 
of adding CHDI to a PUis to generally promote thermal stability. 
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, , 'Influence ,'o['b'lock::t>cttio'O/i 'the 'thei'Tila'l 'stability 'o[,PU'e'ldstomers 

Figure 3.10 compares the dynamic mechanical behaviour (storage modu
lus and tan 0) of. two" series of CAPA 225/CHDI/l.4.,.BD based polyure
thane~"inwhich the' variable is blo~k rati~:It~i~~l'E!arlY shown'lhat· 

'the thermal stability increases with increasingblocl< ratio. The 
'''';'maximum temperature to which storage modulus (log'E' ) values will 

", remain constant are also given in Table 3.5. The temperature resis
tancehas been increased by 200C through the use of the higher block 

, ratio: Higher thermal stabili'tyof the 1/3/2 PU over its 1/2/1 ana
logue is considered as primarily due to its higher CHD! content. Molar 

'ratios'higherthan 1/3/2 were not used because of the increasing hard
nessand decreasing flexibility of the resulting PU elastomer. It was 
also foupd that the magnitude of the tan 0 decreases with increasing 
block ratio. 

Inf'luence 'o['the 'dio'lsti'wture,on :therrruiZstabiUty o['the :PU e'lastomer 

Figure 3.11 shows the dynamic mechanical prope~ty of a series of poly
urethane elastomer based on CAPA 225/CHDI and extended with several 
differentdiol chain extenders with a block ratio of 1/2/1, so the 
variable is the chain extender. From this figure the following maximum 
thermal stability values are implied: 

i) 

ii) 

iii) 

iv) 
v) 
vi) 

P.P'-biphenol'based PU starts to lose stability at 1750C; 
Quinol (1.4-benzene diol) based PU starts to lose stability 
at 1700C; 

Catechol (1.2-benzene diol) basedPU starts to lose stability 
at 125°C: 
1.5-naphthalene diol based PU starts to lose stability at 1650C; 
2.3-naphthalene diol based PU starts to lose stability at 1000C; 
Di (4-hydroxyphenyl) sulphone based PU stal'l:ts to lose stabil ity 
at l500C. 

, 
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These results clearly show that para isomer of benzene diol chain 
extender gives higher thermally stable polyurethane than its ortho 
isomer. 

0-
.. .. 

-()- > 'I '\ 
, L' ~ 

. Para > Ortho 
:.' 

( 

Increa-sing thermal stabi 1 i ty 

A similar result is obtained by comparison between the thermal stabi
lity of 1.S-naphthalene diol. and2.3-naphthalene diol chain extender 
based polyurethane elastomers: 

> 

Increasing tffermal stab·ility 

Finally the effect of chemical.structure of chain extenders on thermal 
stability can be obtained from·Table 3.6. Through Table 3.6 the follo
wing order of decreasing .thermal stability is observed: 

Order of decreasing thermal stability----+-> 
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Fi gure 3.12 represents the temperature dependence of the loss 
tangent (tan 0) for the various chain extender containing'polyurew 

thanes. All series display. three relaxations, labelled a, a'and y • 
.... --"'The rriaJor relaxations' are characterised by adecrease.;n modulus over. ',' 

a narrow temperature range. The relaxation temperature and magnitude 
of tan o are shown in Table 3.7. The a-relaxation that occurs at -32 
to -37 is associated with the glass transition' temperature of the soft 
(polycaprolactone) segment. 

' . . . 

The influence of.the diol chain extender. structure on thermal stability 
of, PU elastomers was also studied in a series of CAPA 225/CHDI/chain 
extender based .. polymers by using four· different diols as a chain 

. . 
extender with molar ratio of 1/2.6/1. Figure 3.13 compares the stor-
age modulus and tan & as a means of observing the dependence of temp
erature stability on a chain extender's structure. The maximum temp
erature to which storage modulus (.log E') values of the PU elastomers 
remain constant is given in Table 3.8. From the data obtaining from 
this table, the following order of decreasing thermal stability can be 
presented: 

Order of decreasing thermal stability ) 

The glass transition temperature of these systems is also given in 
Table 3.9 accompanied by sand y transition temperature and related 
tan &; 
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In[l.uenae 'or-the 'diamine ',structure onthe'i'maZstabiUtyinaomparison 

!IJi th did Zs 

Figure 3.14 compares the dependence of temperature stability on diol 
,. '::'anddiainine~hain extended' polyurethane elastiiirie~s' bas'ecf' o'n'CAPA 225/ 

CHOI/chainextender with molar. rati 0 1/3/2., The diamine which is, selec-
,-. 

.ted·in ,this study was Polacureand the, diols were l,4~BO,l;4-BO + 

, "'1 .4-CHOM and l,4-CHO. The' maximum temperature, to-which, storage modul us 

,(log E') values of PU will remain constant is given inTable3;10.,From 

the figures the following maximum thermal stability values are implied: 

i) l,4-BO +l,4-CHDM basedPU's start to lose stability at 1750C; 

ii) l,4-BO based PU start to lose stability at 1850 C; 

iii)' l',4~CHO based PU, start',to lose stability at 2000C; 

iv) Polacure based PU start to lose stability at 2300C. 

As the results show the temperature stability is higher in the case of 

using the diamine chain extensionagel'!.t. The higher thermal stabil ity 

of the Polacure based PU is considered as primarily due to its special 

structure and hence its higher hydrogen bonding capacity over the diol 

chain extenders. 

InfZuencedfexaessdUsoc1/anate onthe'the'i'maZ stabiZitllofthe 'PU 

eZeistomeI' 

Figures 3.15 to 3.18 show the dependence of temperature stability on 

excess'diisocyanate crosslinking in a PU elastomer •. It is obvious 

from the data that as the amount of excess diisocyanate increases' 

from 5% to 45% the therma 1 stabil i ty of each PU is enhanced; for .: 

example in the case of the 1/2/1 block ratio (l,4-BO! system) from a 

position of complete thermal equilibrium ,up to 1550C log ,E' has lost 

0.1 Nm- 2 .by170oC whencrosslinked with 5% excess diisocyanate whereas 

the sam'e PU crosslinked with a 45% excess of diisocyanate has enhanced 

temperature resistance remaining in equilibrium to 1900C and loses the 
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same amount of modulus (0.1. Nm- 2 ) at 20SoC, hence its temperature 
resistance has been increased by 3SoC through the use of isocyanu
rate crosslinking. 

Tables 3.12 to 3.15 and Figures 3.15 to 3.1B give the temperature for' 
each crossii'nked PYatwhich<the,st'orage"motl'ulus starts. to significantly 

. " '." " ::'"'. , • ,. ,,', .l; J .. ' ,. ..; ",' . 

decrease. It can be seen by inspection that an approximately linear 
relationship applies,b~tweenthe qUilOtitY>Of crosslinking in a PU ~nd -. ' . . .. --

its thermal stability. Very genera lly,for everY5% increase in the' 
amount of excess diisocyanate left in the cast PI!, the temperature at 
which the PUremains ,stable increases by SoC. 

The higher thermal' stability,of the 1/3/2.PU is considered as primarily 
due to its higher CHDI .content over the 1/2/1 analogue. 

The DHTA data of Figures3.1S to 3.1B,enable information to be derived 
concerning the effect of crosslink density on low temperature stiffening 
and gl ass transi ti on temperature (Tiil. In: brief the overall effects 
of the large crosslink density changes are small with the major phase 
changes occurring at about -3SoCand -BOoC • . Their.presence, as dis
cussed before, is ascribed to the micro-Brownian motion of the amorphous 
polyol segments. The main .transition at about -3SoC is designated as 
the a-relaxation' and enables Tg to'be derived, it is considered to 
represent the soft segment (polyol) transition in the PU molecule. 

InfZuenceof 'chain 'extender :sti'Uature 'ooupZedlJJith arossZink'density 

'on'thermaZ'stabiZity 

Figure 3.19 compares the DMTAproperty of a series of polyurethane 
elastomers based on CAPA,225/CHDland extended with several.different 
diols and diamine chain extenders:with a block r,atio of 1/3.9/2. " So 

. .. 

the variable is chain extender •. The polymers also contain 30% excess 
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CHOI w'!.ich act~ as crosslinking agent into PU_elastomer._ The results 

show clearly that using' excess CHOI togetherwith'chain extender 

structure can give:'higher temperature stability; .. For example in the 

'i": ~':'!case': ofithe Po lacure basedPU,' tlii s when cross linked with a: :30.% excess 

. '-of CHOIhas enhanced temperature resistance remaining in equilibrium 

up ,to 2600C. The maximum temperature to which storage. modulus {log E') 
'.' . .... ,... '. . ... ~" .. ' .. 
'values'of the PU elastomer remain constant are given in Table. 3.16 •. 

'ltcan~e seen by inspection that the thermal stability of PU.elastomers lar:.el 
- _.' ;0- _. '. - - -

improved by the effect-of-the chain extender structure together with 
, C.-

. isocya'nurate crosslinking. Through this res'ults the following order of 

decreasing thermal stability can be observed: 

Polacure\p,P"biphenol > 1.4-CHO > HQEE > l,4-BOO > Quinol > OHS 

Irt[?uende 'o['dross'lirtking onthermaZ stabi'lity by usingexcessdiiso

cyanate 'andTMP'as'a'd:f>oss'linkirtgagent 
-.' 

Figure 3.20 shows the effect of using trimethylol propane (TMP). a 

trifunctional chain extender and as a crosslinking agent .in comparison 

with the mixed Oianol (22+33) ,chain extender in the soft. polymer series. 

Table 3.17 gives the maximum temperature to which storage modulus (log E") 

values of the PU elastomer will remain ,constant •. Asthe results show 

the thermal stability increases by usingTMPasa chain extension agent. 

Increasing thermal stability is believed to be due to increasing cross

linking density in the TMP based polymer. so as in most polymers increa

sing crosslinking density increases thermal stability .. on the basis' that 

more bonds need to be broken before serious network breakage becomes 

apparent. 

Table 3.18 gives the temperature dependence of the loss tangent (tan ~) 

f()r-these soft polymer series.: By comparison between these resul ts 

(see Figure 3.20) with the results obtaining from hard polymer series 

(see Fiqures 3.12 to 3.19) it can be seen that the main a-transition 
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I 
temperature has shifted to a higher temperature range. This effect 
is thought to be due to more phase mixing occurring in the soft poly
mer series than in the hard series which hence results in a higher 
glass transition temperature. To overcome this undesirability the 
copolymer of polycaprolactone (CAPA 720*) was employed instead of 
CAPA 225. The results which are given in Table 3.19, show that the 
glass transition temperature will be about 90 C lower in the case of 
using CAPA 720. Table 3.20 also shows the effect of CAPA 720 on 
glass transition temperature (Tg) of the hard polymer series to be, 
about 140C lower than that of the equivalent CAPA 225 series.· 

Figures 3.21 and 3.22 also represent the effect of CAPA 720 polyol 
on low temperature properties of the polyurethane elastomer. 

* lnterox Chemicals Ltd 
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TABLE 3.2: Maximum temperaturekto which storage modulus (log El) 

values of po1yurethane,e1astomer will remain'constant* 

,,' 

'''' ':, Samp' e " -Type'of'" . L ' , El" , .. .... '. I ' og" "·C'" T°C",!i, " 

No, ' Di i socyana te (N/m2), .. .. , 

.. .' 

" 
r .I I'"~ " , ' 

- B63 CHDI 7.4 .. 181 , . 
.. B125 PPDI 7.1 155 

0 , ~ ' , , 

" 8138 MDI 6.4 
" 

150 
" " .--. .. .. , 

B135 TDI 6.1 135 
B134 H12MDI 6.2 100 

* The polymers are based on Capa 225/diisocyanate/l,4-BD with block 
ratios 1/2.6/1 " ' 

~'- .; , 

TABLE 3.3: ex and a transition temperatures of polyurethane elastomers 
based on different diisocyanates '. 

Sample Type of a Trans i ti on a Transition 
" No Di i socyana te 
tan cS " TOC tan cS TOC 

--
B63 CHDI 0.032 -78 0.285 -33 
B125 PPDI 0.031 -78 0.375 -30 

, B138 MDI 0.027 -78 1.1 -15 
B135 ' TOI 0.032 -78 1.0 -21 
B134 H12MDI 0.03 -78 0.575 -22 

" . ~ .. ,', 
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TABLE 3.4: Maximum temperature to which storage modulus (log E') 
values of polyurethane elastomer will remain constant* 

-, 
- -- ' -Sample Type of log E' 

' : .-,'. -,~ .' '!C'. 

No Oi i socyanate (N/m2) -,' .... TOC 

\ -

B3B CHD1 + T01 7.4 155 
-, 

B12 CHD1 + H12MD1, 7.0 -,' 130 

* The polymers are based on Cap a 225/diisocyanate/l,4-BO with block 
ratios 1/3 (1.5 + 1.5)/2 

TABLE 3:5: Maximum temperature to which storage modulus (log E') 
values of polyurethane elastomer will remain constant in 
the case of using-different block ratios 

Molar Ratio log E' (N/m2) TOC 

1/2/1 7.2 160 

1/3/2 7..6 180 

* The polymers are, based on Capa 225/CH01/l.4~BD 

,-
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TABLE' 3.6: Maximum temperature to which storage modulus (log E') 
values will remain constant'in'the case of using different 
chain extenders* 

, Sample . Type of . " 
! ......... " . .. Toe' : ,Structure'of ., 'logE' .' . 

.'., No Chain . (N/m2) .. ,Chain Extender 
Extender ... . .... , , 

, , 
p,p'-hip heno1 ' 7.1 175 HO-e-©-OH -.. 

B58.· Quino1 .. 6.8 .170 , ... HO-~-OH, .. ,: 

B67 Catechol 6.8 125 Q-0H 
OH 

. B57 l,5-NO 6.6 165 06H 
.. .... "'" , 

. 

OH 

B68 2,3-NO 6.8 100 ro: OH 
:,.. "" OH 

0 
11 

- DHS 7.1 150 HOOnOOH 
" .. , 0 

, 

* The polymers are based ,on Capa 225/CHDI/chain, extender with molar ratio 
1/2/1 

TABLE 3.7:a , a and y transition temperature of polyurethanes in the case 
of using different dio1 chain extenders* 

Type of 
Sample Chain 

No Extender 

P,P'-
bipheno1 

B58 Quino1 
. B67. Catechol 

B57 l,5-NO 
B68 2,3-NO 

- OHS 

* As Table 3.6 
** Not measured 

y Transition 

tan I) TOe 

0.042 -110 

-** -** 
0.027 -117 

. 0.037 -114 
0.035 -113 
0.035 -113. 

. 

a Transition a Transition 

tan I) TOe tan oS TOe 

0.033 . -75 0.41 -32 

0.03 -80 0.4 -37 
0.028 -80 0.42 -37 
0.034 ' -75 0.45 -33 
0.031 -78 0.46 -34 
0.028 -79 0.37 -33 
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TABLE 3.8: Maximum temperature to which storage modulus (log E') 
values of polyurethaneelastomer* will remain constant in 
the case of using different chain extenders 

-Saniph~ 'Type 'of ChainLogE' TOC-
. No : Extender·· (N/m2) .' 

. ,..... .' 
" 

. , 

. - B92 P;P'-bipheriol "7.3 205 
, .. , 

B93 Quinol 7.3 190 

B94 OHS 7.3 171 

895' Bisphenol A 7.0 140 

, 

-

"'·'Structure'of Chain'~ .~.: 
. Extender .. 

-. .... 
'HOm ~"~OH ' " 

, ' 

HO-~ .~ -OH 

q .. 

HO-O-~-O -OH 
- 11 -. 0 . 

CH3 
Ho-()-b~ C)-OH 

- I -
CH3 

.. 

*The polymers are based on Capa 225/CHOI/chain extender with molar ratio· 
1/2.6/1 

TABLE 3.9: a , e and,y transition temperature' of polyurethanes in' the 
case of.using different diol chain extenders 

Sample Type of 
No Chain 

Extender 

B92 P,P'-
biphenol 

B93 Quinol 
B94 OHS 
B95 Bisphe-

nol A 

* As Table 3.8 
** Not measured 

y Transition 

tan /) TOC 

0.037 -121 

-** ** -
0.037 -118 
0.037 -116 

e Transition a Transition 

tan /) TOC tan /) TOC 

0.034 -79 0.26 -35 

0.029 -80 .0.23 -37 
0.028 . -79 0.27 -38 
0.031 -83 0.46 -38 
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TABLE 3.10: Maximum temperature to which storage modulus (log E') 
values of polyurethane e1astomers will remain constant. 
in the case of using dio1s and diamine chain extenders 

.," . 

. ~ 

Type of Chai n , . Log E' TOC 
Extender' . \0 . . (N/m2) , . , 

, 

, .'" 

l,4-BO.' ' . 7.4 185 
l,4-BO +l,4CHOM 7.4 175 
1,4-CHO 7.4 200 
Po1acure 7.4 230 

. , 
* The polymers are based on Capa225/CHOI/chain extender with molar 

ratio 1/3/2 

i 

TABLE 3.11: a and a transition temperaturES of polyurethane e1astomers 
based on various chain,extenders* 

Type of Chain a Transition a Transition 
Extender .tan 0 TOC tan 5 TOC 

. 

. 

l,4-BO i 0.027 -77 0.17 -30 
1 ,4BO, +l,4CHOM 0.028 -77 0.19 -30 
1,4-CHO 0.023 -80 0.18 -33 
Po1acure 0,021 -80 0.21 -32 

* As Table 3.10 

: . 



TABLE 3.12: Maximum temperatures to which.storage modulus (log E') 
values of the cross1inked polyurethane elastomers* will 
remain constant 

.. ., ','4· • _ " " ,,~ . _- -. ,.- .. ~ .. '. ",' ..... 

Block Ratio % Excess Log E' . TOC 
CHD! (N/m2) .. '" ... 

. , > . . 

" 
... 

1:2.04:1 0;2 .. 7.2 115 .. 

1:2.1:1 . 5 7.2 160 

1:2.2:1 10 7.3 170 

1:2.3:1 15 7.3 173 

1:2.4:1 20 7.3 180 

1:2.5:1 25 7.4 180 

1:2.6:1 30 7.4 181 

1:2.7:1 35 7.5 183 

1:2.8:1 40 .. . 7.5 . 183 
. 

1:2.9:1 45 .7.5 188 

1:3.0:1 50 . 7.5 190 

. 

I 

*The polymers are based on Capa 225/CHDI/1,4-BD and the data is ~erived 
from the DMTA data of Figure 3.15.and from other data not shown on these 
graphs for clarity of presentation 
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TABLE 3.13: Maximum temperatures to·which storage modulus (log EO) 
values of the crosslinked polyurethane elastomers will 
remainconstant* 

. 

\,' . ',- .' % Excess Log EO TOC ., Block'Ratio . , 
CHDI (N/m2) 

.' ; ,. , , , 

1:3.02:2 . 0.2 7.5 165 

1:3.15:2 5 7.5 170 

1:3.3:2 10 7.5 175 

1 :3.45:2 15 7.58 178 
.,,< 

1:3.6:2 20 7.58 180 

1:3.75:2 25 7.60 185 

1:3.9:2 30 7.65 190 

1:4.05:2 35 7.70 190 ,. 

1:4.2:2 40 7.70 200 

1:4.35:2 45 7.70 200 

1:4.5:2 50 7.75 205 

'. 

* The polymers are based on Capa 225/CHDI/l,4-BD.+ 1,4-CHDM and the 
data is' derived from the DMTA data of Figure 3.16 and from other 
data not shown on these graphs for clarity of presentation 

, , 
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TABLE 3.14: Maximum'temperature to which storage modulus (log E') 
,values of the cross1inked polyurethane e1astomers will 
remain constant* 

, 

" Block' Samp1~ , .. % Excess: ,-, " Log E': T?C "", , , 
" , 

"- " (N/m2) No Ratio PPOI 
,-" 

Bl18 1/2/1 0 7.2 110 
- B120 1/2.2/1 10 7.2 130 , 

B123 1/2.4/1 20 7.2 145 
B125 1/2.6/1 30 7.2 150 

, 

*The polymers are based on Capa225/PPDI/l.4-BO 

TABLE 3.15: Maximum temperature to which storage modulus (log E') 
values of cross1inked polyurethane e1astomer will remain 
constant 

Sample Block % Excess log E' TOC 
No Ratio CHOI (N/m2) 

" 

B84 ' 1/3.15/2 5 ' 7.6' 180 

B86 1/3.75/2 25 7.8 200 

, 

* The polymers are based on Caoa 225/CHDI/1.4-BD 
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TABLE 3.16: Maximum temperature to which storage modulus (log E') 
values of the polyurethane elastomer·will· remain 
constant in the case of using excess'CHOI and different 
chain extenders . . 

",' 

-", 

•.. . . 
Chain· % Excess Log.E' 

. TOe 
Exterider CHOI :", :~~.'~'{,:, -: . 
... , .. 

Po lacure" ,,'. 30 7.84 260 
.!' f 

P,P-biphenol 30 7.54 
,. 

230 
. 

1,4-CHD 30 7.64 220 
. ',-

HQEE 30 7.82 215 

1,4~BD 30 7.72 212 
. 

Quinol 30 7.30 192 

OHS 30 7.66. 162 

* The polymers are based on Ca~a 225/CHOI/chain extender with block 

ratios 1:3.9:2 

.. , 

. { . "- ~ , 
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TABLE 3.17: Maximum temperature to which storage modulus (log E') 
values of the polyurethane elastomers will remain 
constant in the case of using excess PPOI and different 
cha in extenders 

Chain Extender . %.Excess PPDI "Log 
... :. 

E' TOC 
. . " . . . .. 

. , 
'jO, . , . 

(22+33) .. ... ... ." . ~ :';.[. , ;,. : 
Dianol 30 6:2"" . . .. 165 c' " 

-

Dianol·22+33 + -
30 .... 

6.55 200 TMP (1+1 ) 

TMp·. 30 6.6 210 

" , 

The polymers are based on Capa 225/PPDI/chain extender with block ratio 
1:3.9:2 

TABLE 3.18: Temperature depencienceof the a and a transition for 
Capa 225/PPDI type polyurethanes based on various chain 
extenders 

a Transition a Transition 
Chain Extender 

tan cS· TOC tan cS TOC 

Dianol (22+33) 0.028 -73 0.86 +13 

Dianol (22+33)+TMP 0.023 -73 0.74 +11 

TMP 0.021 -73 0.053 +7 

. 
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TABLE 3.19: Temperature dependence of the a-transition for the 
various polyo1 containing polyurethanes in PPDI/TMP 
based polymers ' 

" , '.' " 

, , " , 

The Polyol/PPDI/TMP System 
, ' , 

,.'- -, 
" .:' '~ . .1 'cl-transition . -,-.-~ ." ... ,-, " , '-'> -' ~., ", , 

Polyol '" - ,,~., ~ .. , , .... 

tan 0 TOC 
.. -. -... ,. ,,' 

" 

-. ," '_.-.. 

., 
. ''.. 

.. 

;.;., . 

Capa 225 0.53 +7 

Capa 720 0.36 -2 

TABLE 3.20: Temperature, dependence of the a-transition for the 
various polyol containing polyurethanes in CHDI/Po1acure 
based Dolymers 

... The. PolyoljCHDI/Polacure System I 

, ,a-transition 
Polyol 

tan 0 TOC 
, 

Capa 225 0.13 -35 

Cap a 720 0.15 -49 
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3.2.2 pifferentia1 ScanningCa10rimetry (DSC) . 

3.2.2.1 Introduction, 

. Thermal properties of-the variously .prepared polyurethanes were also. 
investigated by differential scanning ca10rimetry (DSC).· Among all 
the thermal techniques available, DSC is one of the most widely used 
for polyurethane studies. Its usefulness as a significant analytical 

... techn'i~Ueis-to follow'31most any70physica1 and- chemical changesth"tc ' 

occur and produce a change in enthalpy and c~n therefore be follo',':!d' 
by calorimetry150. DSC is a technique which measures.the heat flow 
into or out of.a sample relative to an inert reference material when 
both are subjected to the same linear increase or decrease in temp
erature. The temperature difference between the sample and the 
reference is measured using twin thermocouples connected in position. 
When the temperature of the sample is equal. to the reference, the 
two thermocouples produce.identical voltages and therefore the ne": 
voltage equals' zero" When. the temperature between the two differs 
there is produced'a' net voltage which is proportional to the diff
erence in temperature between the reference and the sample under 
examination. Thus net voltage is amplified and recorded on the Y
axis of an X-V recorder. The temperature of the experimental ref
erence material which is varied at a programmed constant rate, is 
monitored on the X-axis. 

With regard to po1yurethanes,it was believed at first that observed 
thermal transitions generally fell into three groups as follows: 
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i). Below -300C- associated with the Tg of the soft block; 

, ' 

it) Between.80-1S00C - frequently ascribed to the dissociation 
odso!qh'a"fd~s~~~'h~5'jiQ(if9~~i!~ik, __' ' , ' ' 

. l, ' 

iit) Above 1600C - associated with" the thermal dissociation of hard 
block aggregates-which may .. be crystalli.l'e_,or paracry~,talJJne • 

. ~. . . - ---. --'--"'-"'''~''.-~-~'' 

However further research by workers has since' changed these interpre
tations. It is now' believed that there are three transitions above 
room temperature to be observed making with the glass transition, a 
total of four altogether, The transitions above room temperature are 
also now thought to be the result of changes in long and short ordering 
and ,not hy~rogen bond dissociations. 

These transitions have been.labelled.by Seymour andCooperS6 ,127 as 
follow: 

i) 70-800C,Tm of shortest average hard segment. Sometimes this 
reflects the melting of soft segment crystallites. 

ii) 14S-1700C,'10ng range order hard segment melting. 

iii) Above 18SoC, relatively well ordered microcrystalline aromatic 
polyurethane hard segments (not seen in polyurethanes with 
short hard segment lengths), 
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A schematic representation of ordered. non-crystalline domains and a 
highly ordered. crystalline domain are shown in Figure 3.2596 • 

FIGURE 3.25,: Schematic representation of two types of hard segment 
domain order (broad line - hard segment; thin'line
soft segment), A-order. non crystalline hard segment 
domains; B-microcrysta11ine hard segment domains.96 

3.2.2.2 Experimental Procedure 

DSC' fl~m9i:'n" of prepared polyurethanes were measured on a Du Pont 
990 thermal analyser in conjunction with a standard Du Pont heating 
cell. '8:?~1§mwere recorded using urethane samples of 10-15 mg, 
which were encapsulated in a small aluminium pan', An empty pan was 
used as a reference. In the case of some samples the cell was cooled 
to approximately -1200C by pouring liquid nitrogen into a steel jacket 
surround and then this is replaced by a cover, A bell jar also covers 
the cell and thus protects the user from any gas that might be genera
ted and also permits cell evacuation to be possible. This cell is then 
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heatedata constant rate of20oC/min with a steady purge of drynitro
gen passing through. The t'1o)n.S~ni" were recorded between -100°C and 
3000 C or room temperature and 350°C ona .two pen recorder~ each pen 

'-beingsetat differentsensitivitiesof5and 10mV/cm; The simplified 
block diagram of the thermal analysis apparatus is shown in Figure 
3.26. 

.' . -- , - " F1 C"! '" .. 

I 
- . 

. ;";;- ':Programs Sample 11etcr:: • 

.:.-. 

Du Pont 990 Thermal Du Pont 910 
Analyser I- DSC System 

(Programmer/recorder) 

., 

.. 
Recorded 
Results 

FIGURE 3.26: Block diagram of. the thermal analysis apparatus 

Before a thermal ana1ysis.experiment, temperature calibration of the' 
apparatus was made with indium as a reference standard which has a 
crystalline melting point of.156.6oC. DSC samples were prepared from ~ 
cast moulded sheets. 

3.2.2.3 Results and Discussion 

The results of the DSC scans are presented.in Figures 3.27 to 3.40 
and Tables 3.21 to 3.32. The arrows in the figures designate the 
.position of the transition temperatures. 
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FiQure23.27 shows the. DSC scans of. various diisocyanate based poly
urethane elastomers with theformulation.of CAPA 225/diisocyanate/ 

. 1.4-BD in·the molar ratio of 1/2.6/1. Table 3.21 lists the position 
'-," . of·~the DSC.endotherms for' the first. second and third DSC traces' :. ::' 

taken for these polyurethanes. ·Those endotherms. which are obser
ved to occur at· above room temperature 'are'associated with hard seg
ment domains~ The temperature at which the first transition takes 

.. place above room temperature .is considered to .;i'1dicate"theJjmit of . 
·tner~al stabil ity of thepUe1astomers,"Tab le :L2J"gives' the:' t~ans:i·L 
tion temperature for each system and it can be seen that the CHDI 
based polyurethane .elastomer demonstrates relatively higher thermal 
stability than other. diisocyanate based elastomers. As seen in 
Table 3.21 the first transition {above room temperature) of the CHDI 
based PU takes place at 2490C while the first transition of H12MDI 
basedPU happens at 800C. This assignment.was also confirmed by the 
DMTA results (Figure 3.7). 

The first endotherm above room temperature which is denoted Transition 
I is believed to be the break up of short range order and the next 
higher series of endotherms (Transition III is attributed to dissocia
tion of long range ordering in the hard microphase. The highest endo
therm {Transition IIIlis considered to correspond:to microcrystalline 
hard segment melting •. This. is defined as the <I relaxation in the dyna
mic mechanical test procedure {DMTAl. 

'Innuenae '0[' the mixed 'diisocyanate structure 

DSC·results of.Figure 3.28 and Table 3.22 enable information to ,be 
derived concerning the effect of mixed diisocyanates on transition 
temperature. Figure 3.28 shows the transition behaviour of three 
series of. polyurethanes based on CAPA 225/H12MDI/l.4-BD •. CAPA 225/ 

. H12MDI+ CHDI/l.4-BD andCAPA 225/TDI +CHDI/l ,4-BD with block ratios 
of 1/3/2. Arrows in these figures show the position of these transitions. 
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As seen in Table 3.22 the mixed H12MDI+CHDI based PU shows higher 
transitions' than H12MDr:basedpolyurethane~ Thus it is clearly seen 
that the thermal stability of a polyurethane can be improved by using 
CHDI.as: a co-diisocyanateinHl~DI based PU elastomer. It is also:'_ ~~. 
shown that the mi xed TDL+ CHD!. based PU shows hi gher·therma 1 stabil ity 
than mixed H12MDI + CHp'Lbased polyurethane. Through Table 3.22 the 
following order of decreasing thermal stability is observed: 

TDI +CHDI > Hl~DI + CHDI > H12MDI 

• 
Order of decreasing.thermal stability 

The same sequence of decreasing thermal stability with respect to 
diisocyanate type.was observed from the DMTA results (Table 3.4). 

I.~fZuence·o[bZock·ratio 

Figure 3.29 compares the transition temperature of the two series of 
PU elastomers based on CAPA 225/CHDI/l.4-BD.with block ratios of 1/2/1 
and 1/3/2 respecti ve ly. It is shown that the transi ti on temperature 
increases with increasing block.ratio. Transition temperatures of 
these PUelastomers are given .in Table 3.23. As seen in this table, 

. . 
the transition temperature increases by .24,,( through the use of the 
higher block ratio • 

. Iri[Zuenaeo[,dioZchairi ·extendei'$.trUcture 

Figure 3;30. shows the·rnti9ia.· of a series of polyurethane elastomers 
based on CAPA 225/CHDI and.chain extended with several different diol 
chain extenders with a block ratio of 1/2/1; so the variable is. the 
chain extender. The position of each transition i-s designatedby. 
arrows. Table 3.24 gives the various transition temperatures of these 
different chain extender based PU elastomers. From Table 3.24 the follo
wing order.of·decreasing transition temperatures which represent the 
decreasing thermal stability is observed: 
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m 
P,P'biphenol' > l,5-NO, > Catechol > 2,3-NO 

, ' 

_.9rde.r_o!.~d~creasing therma! stability of-various chain extenders .•.. :.' ;. 

The influence of ,the diol chain extender, structure on transition 
behaviour of PU elastomerrwasalso'studiedin a series of CAPA 225/ 
CHOI/chainextender based polymers by using different diols as chain 

'" extender~ith aPU o(~olarra1;io'~fl/2.6/1.' Figure' ;;:31 compa~es' 
the DSC (}~:&~T'l:' of these di fferent chai n extender based PU e 1 as
tomers. The hard segment transition temperatures of ttiese"pblymers are 
given in Table 3.25. From the data obtained from ,this table, the 
following order of decreasing stability, can be 9resented: 

-{ X '>- >-{ }~1 }>-f }{~ )-
o CH -, ~ 3 ' 

Order of decreasing stabil ity of various chain extenders 

, InflUence 'of 'the 'dUiriIine 'aluiin extender in,aorrparison with dioZs 

Figure 3.32 shows the DSC scans of diamine and diol extended PU 
elastomers based on CAPA 225/CHDI/chain extender with molar ratio of 
1/3/2. The diols which are selected in this study were l,4-BD, 
l,4-BD -I- l,4-CHDM, l,4-CHO and the diamine was Polacure. Hard seg
ment transition temperatures of these PU elastomers are given in 
Table 3.26; As seen in this table the Polacure based PU elastomers 
show a higher hard segment transition temperature and therefore, higher 
thermal stability by comparison with the diol based PU elastomers. 

Influence 'of' excess: diisoclyanate 

Figure 3.33 represents the dependence ,of transition temperature on' 
excess diisocyanate crosslinkingina polyurethane elastomer based on 
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the CAPA 225/CHDI/1,4-BD system. The data obtained from the Table 
3.27 shows that.as the amount.of excess diisocyanate .increases from 
0.2% to 5%, the hard segment transition temperature increases from 
2050 C to 2530C;hencethetemperatureresistance is increased by 
nearly 500C through the .use of excess diisocyanate .in the synthesis 
of the po1yurethane·e1astomer. It can be seen that an approximately 
linear relationship applies between'the quantity of cross1inking in a 
PU and its. hard segmenttra~sition. Very generally fOr every 1% increase,. 

·.-n'- . in the: amount of:excess diisocyanate left'in the" casFpU. the trans.ition '"." 

. , 

temperature increases by 1 °c. >. 

Figure 3.24 shows the DSC scans of the cross1inked PU e1astomer based 
on CAPA 225/CHDI/1,4-BD + l,4-CHDM with molar ratio.of .1/3/2 to 1/4.2/2. 
The hard segment transition temperatures are given in Table 3.28, which 
shows the same trend of increasing transition temperature in the 1/2/1 
series due to the increasing use of excess diisocyanate and hence 
resulting isocyanurate cross1inking. Figures 3.35 and 3.36 also show 
the DSC scans of cross1inked PU e1astomers based on CAPA 225/CHDI/ 
1.4-BD and CAPA 225/CHDI/Po1acure systems respectively. Both figures 
represent.the effect.of using excess diisocyanate.on transition temp
era ture, and hence on thermal·· stabi 1 i ty. The pos i ti on of the trans i
tions are shown by arrows. 

Figure 3.37 shows the DSC scans of CAP A .225/CHDIl1,4-BD + l,4-CHDM 
ba!;ed PU e1astomers which has run from -1000C to +3000C to show the 
soft segment Tg together with the hard segment transition temperature. 
Transition temperatures of these polymers are given in Table 3.29. 
As seen in the table the glass transition temperature is similar to 
the DMTAresults (Figure 3.16) •. Itis important to note that the 
effect of using excess diisocyanate on glass transition temperature 
of PU e1astomers is very small, this means these PU e1astomers are 
stronglyphasp. separated • 
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DSC scans of PPDI based. PU. e1astomers are shown in Figure 3.38 and 
the position of. the hard segment transitions are desjgnated'by arrows. 
The __ exa_ct transition temperature of these polymers is given in Table 
3.30. AS 'seen in 'this table; the hard-segment. transition temperature' 
is also increased in the case'ofPPDI based PU elastomers due to the 

. I use of excess diisocyanate. 

'-'-'::.- . IrI[?uen{)i:·C>f{)h-::in~ed:teiialii'.strti.;tui>BaoupZea LJitharo$sUnking·· ~._ 

Fi gure3.39 shows the DSC, ~'£S']a]lr4'of a series of PU e1astomers 
based on CAPA 225/CHDI and extended with several different dio1s and 

\ diamine chain extenders with block ratios of 1/3.9/2. The. results 
obtained from this figure are given in Table 3.31. It can be seen 
by inspection that· the use of .excess CHDI together with an appro
priate chain extender structure can, give higher hard segment transi
tion temperatures •. For example, .in the case of the Po1acure based 
polyurethane, this' when cross1inked with a 30% excess of CHDI, has 
an enhanced hard ~t) transition temperature occurring at 3430C. 
It means that the theriaLstabilit.Yof PU e1astomers may be improved 
by the effect of the chain extender structure together with iscyanu
rate cross1inking. Throuqh the results obtained from Table 3.31 the 
following order of decreasinq thermal stability can be concluded to 
apply through the. use of the DSC.technique and this enables conclusions 
simi1ar.to the DMTA.resu1ts to.be made. 

Po1acure> P,P-bipheno1.> 1.4-CHD > HQEE > Quino1 > DHS 
Order of decreaSlnq therma1 .. stability of various .chain extenders 

Figure 3.40 shows the DSC scans of. the soft polymer series which is 
mostly based on PPDI and extended with H1P or mixed chain extenders. 
The transition temperatures of these polymers are given .in Table 3.32. 
It can be seen that the transition increases by using TMP as a chain 
extension agent in comparison with TMP + Diano1 .(22+33) and Diano1 (22+33). 

"';..~-.. 
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chain extenders. This increasing transition temperature is attributed 
as due 'to increasina crossl inking density .in the TMP based polymers. 

Figure 3.40 also shows' the DSC scan of a soft polymer. based on CAPA 
231/CHDland chain extended with CAPA 305. The hard segment transition 
temoerature of this PU elastomer iS,also given in Table 3.32. 
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TABLE 3.21: Transition .Temperatures (above room temperature) of 
various diisocyanate based polyurethane e1astomers* 

. . 

Sample 
, Transition Temperatures 

Di iSocyanate ' ... . _. _. - .. -. . . 

No .' . , . . I °c Il °c III °C· 

B135 TDl 142 - 215 
B134 H12MDl 80 185 250 

I.:. 8138. 
. .. : , MDl 130'j·~ k.-:·; . ,:.~ , 250 .. . 

B125 PPDl 190 221 261 
B63 CHDI - 249 -

* The polymers are based on Capa 225/diisocyanate/l,4-BD with block 
ratio 1/2.6/1 

TABLE 3.22: Transition Temperatures of mixed diisocyanate based poly
urethane elastomers*j .;; a means of observing the effect 
of CHDl on thermal propertJts 

Sample Transition Temperatures 
Diisocyanate . No 

I °c II °c III °c . 

B27 H12MDI 62 104 152 
B12 H12MDI+CHD 70 183 243 
B38 TDI+CHDI 67 196 242 

. 

* The polymers are based on Capa 22S/mixed diisocyanate/1,4-BD with 
block ratio 1/3/2 .. _. 
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TABLE 3.23: Transition temperature of PUe1astomers ;1, a means of 
observing the effect of block ratio on thermal propert~ 

Sample " po1yor: Oiisocyanate Chain Block Transition* 
No 

. - ... 
Extender Ratio ,. - °c "-_. , " - ... 

. --, 

B59 Capa 225 CHOI 1,4-BO 1/2/1 224 
B84 Capa 225/ CHOI ' 1,4-BO 1/3/2 248 

'. . - ' 
' . .._- -

':* 'Hard segment transition , ." 

TABLE 3.24: Transition temperature'of'different chain extender based 
PU e1astomers*,; a means of observing the effect of chain 
extender structure on thermal properties 

, 

* 

j 

Sample No Chai n Extender Transition ** 
°c 

B68 2,3-Naphthalene dio1 230 
B67 , Catechol, 250 
B57 1,5-Naphtha1ene dio1 280 

- P,P'biphenol 285 

. 

The polymers are based on Capa 225/CHOI/chain extender with block 
ratio 1/2/1 

** Hard segment transition . 

TABLE 3.25: Transition temperature of different chain extender based: ' 
PU e1astomers*in the case of'using'excess diisocyanate 

* 

r;r:Q!lffi:e[f~~ ~~iTI Transition ** Sample °c 

B95 Bisphenol A 214 
B94 OHS 228 
B92 P,P'bipheno1 288 

The polymers are based on Capa 225/CHOI/chain extender with block 
,ratio ]/2.6/1 

** Hard segment transition. 

:. - -.;.- .. 
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TABLE 3.26: Transition temperature of diamine and dio1s based PU 
elastomers*:J' a means of observing the influence of 
their structure on thermal propert~ 

. 

.. . .' 

Transition** Sample No . .~ Chairi Extender °c 
" " 

" 

Capa 18.6 1,4-BO + 1,4-CHOM 245 
B84 1,4-BO 245 

. B51 1 ,4-CHO . . .. 264 
B142 "' . Po1acure 

.. 
334 

.. 

* The polymers are based on Capa 225/CHOI/chain extender with block 
ratio 1/3/2 

** Hard segment transition 

: : " 

. , 

TABLE 3.27: Transition temperature of cross1inked PU elastomers* v \. 
a means of observing the influence of excess diisocyanate 
on thermal propertiO!o. 

" 

Sample No Cap a B59 860 B61 B62 B63 B64 B66 A'6 17.1 

% Excess CHOI 2 5 10 : 15 .20 30 35 45 " 50 

Trans iti on ** 205 225 237 240 242 246 250 251 253 Cc 

* The polymers are based on Capa 225/CHOI/1 ,4-BO with block ratio 1/2/1 
to 1/3/1 

** Hard segment transition 

TABLE 3.28: Transition temperature of cross1inked PU e1astomers based 
on Capa 225/CHOI/1,4-BO+1,4-CHOM with block ratio 1/3/2 to 
1/4.2/2 i- a means of observing the influence of excess 
CHOI on thermal propert~s 

Sample No l.apa B74 B76 B78 B79 B81 
" 18.6 

% Excess CHOI 0.2 5. ' 15 25 30 40 

Transition* 246 248. 254' " 262 265 267 

* Hard segment transition 
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TABLE 3.29: Transition temperatures of mixed chain extender. based 
PU elastomers* .... , a means of .observing soft and hard 
segment transitions 

Sample 
.. ' No 

Capa 18.6 
B77 

. B79 .. 

% Excess 
CHOI 

0.2 
20 
30 

.. Transition Temperature. 

-35 
-35 
-35 

246 
257 
265 

---' c._· '---''-. ....;--' . ...;,; .. ....;. --J'- ____ -'. ~'__'__ __ -:-'-'__--"_. _-1-__ --"' . ..;..-'--'---' 

(a) 
(b) 

. '," c 

Tg of soft segment 
Tg of hard segment 

* The polymers are based on Capa 
ratio 1/3/2 

225/CHOI/l,4-BO+l,4-CHOMwith block 

TABLE 3.30: Transition temperature of PPOI based PU elastomers* .;, a 
means of observing the influence of excessPPOI on thermal 
properties 

* 

** 

Sample No B118 B120 B123 B124 B125 B126 

% Excess PPOI 0 5 . 20 25 . 30 35 

Transition 
Temperature °C** 135 183 184. 187 190 192 

The polymers are based on Capa 225/PPOI/l,4-BO with· block ratio 
1/2/1 
Hard segment transition 

TABLE 3.31: Transition temperature of crosslinked PU elastomerbased 
on various diols and diamine chain extenders* l';: a means 
of observing the effect of excess CHOI and chain extender 
structure on thennal properties 

Chain Extender OHS Qui nol 1,4-BO HQEE 1,4-:-CHO P,P'-Bl-
phenol 

% Excess CHOI 30 30 30 30 30 30 

. 

Transition O{;** 245 268 270 285 290 305 
, - -

* Based on Capa 225/CHOI/chain extender with block ratio .1/3.9'/2 
** Hard segment transition 

Pola-
cure. 

30 

343 



TABLE 3.32: Transition temperature of soft polymer series PU elastomers 

• 

Sample No Polyol Diisocyanate Chain Extender Block Ratio % Excess. Transition 
Diisocyanate °C 

Bl03 . Capa 225 PPDI Dianol (22+33) 1/3.9/2 30 276 

Bl06 Capa 225 PPDI Dianol (22+33)+ 1/3.9/2 30 284 
TMP (1/1) . 

Bl08 Capa 225 PPDI TMP 1/3.9/2 30 298 

B130 Capa 225 PPDI TMP 2/5.2/2 30 290 
.. -

B131 Capa 240+ PPDI TMP 1/3.9/2· 30 265 
Capa 305 

B155 Capa 231 CHDI Capa 305 1/3.9/2 30 228 
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3.2.3 Infrared Spectroscopy 

3.2.3.1 Introduction 

172 

The molecular structure of polyurethane e1astomerswas investigated 
by infrared (IR) .spectroscopic analysis. Spectra were examined for 
characteristic group absorption bands due to component groups pre
sent in the polyurethane bonding. 

In polar polymers like polyurethanes, hydrogen bonding which some
times domi nates the crystall ine structure, i nf1 uences phys i ca 1 prop
erties of the amorphous state through relatively strong interchain 
interacti ons or through_ t~e formation of_ paracrystaJ line,_ As men" 
tioned earlier, the extent and possible forms of hydrogen bonding 
is dependent on many factors including the electron donating ability 
and relative proportion and spatial arrangement of the proton accep
tor groups in the polymer chains. In a typicAl hydrogen bonded poly
urethane the NH group of urethane units (-NH-C-O-) serves as a proton 
donor and the proton acceptors can be carbonyl groups (C=O) from the 
urethane unit and/or polyester chain . 

. Ana1ysis of IR spectra to estimate the degree of hydrogen bonding 
between NH protons and possible proton acceptors was one of the 
methods used for evaluating the degree of phase segregation. Esti
mation of hydrogen bonding is based on the resolution of urethane NH 
and carbonyl bond into the bonded and non-bonded components. In a 
polyether urethane the determination of phase separation or phase 
mixing through hydrogen bonding is simple, as the only proton accep
tors are the C=O group of the urethane hard segment and the ether 
oxygen of the polyether soft segment which give absorbances at diff
erent wavelengths. Polyester urethane on the other hand, due to 
containing. two different carbonyl groups (one each belonging to hard . - _ . 

. and soft segment units respectively) and thus four possibilities of 
absorption peaks exist and hence the much broader carbonyl absorption' 
regions which result in making the hydrogen bonding estimation difficult. 

J 
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3.2.3.2 Infrared Technique 

Infrared spectra are normally observed using a double beam infra-
red spectrophotometer. This consists basically of a ·source of infra
red radiation, and a dispersion system to give a spectrum of varied 
wavelength radiation. Prisms of inorganic salts and diffraction 
gratings are commonly used as light beam dispersion agents. A beam 
of monochromatic radiation is split into two beams of equal intensity 
by means of.a.system of mirrors. One beam is arranged to pass through 
the sample, and the other through a suitable reference medium. If the 
frequency of vibration of the sample molecule falls within the range 
of the instrument, the molecule will absorb energy at this frequency, 
resulting in a difference in the intensities of the sample and refe
rence beams which is detected by a photocell system. The final spec
trum is recorded on a chart recorder which is coupled to the disper
sion and detection systems. Spectra show peaks corresponding to 
absorption, plotted against wavelength (or frequency). 

Absorption of infrared radiation by the sample can be brought about 
using two techniques: 

1. Transmission of radiation in which infrared radiation is passed 
directly through the sample. 

2. Reflection of radiation in which infrared radiation is reflected 
from the sample. 

In this research programme, the infrared reflection method was adopted 
and used for the polyurethane e1astomers under investigation. 

3.2:3.3 Infrared Reflection SpectrosGopy 

Opaque materials clearly demand some kind of reflectance technique, 
but a spectrum obtained by reflection of the radiation from the surface 
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of a chemical material is usually very poor. A technique known as 
Attenuated Total Reflectance (ATR) was conceived by Fahrenfort15l in 
1961. This enables reflection spectra of satisfactory quality to 
be produced. The infrared ATR unit consists essentially of a flat 
crystal (usually thallium iodide or mixed t~llium iodide and bromide). 
arranged in the sample beam of the spectrophotometer so that infra
red radiation can pass through it by total internal reflection. Sam
ples are clamped firmly on either surface of .the crystal. When radia-

- tion is totally internally reflected at the surface of the crystal. a 
·small proportion actually passes through the surface of the sample and 
may be absorbed. On repeated internal reflection along the crystal. 
the sum intensity of absorption increases. Therefore the emerging 
radiation has a lower intensity than the reference beam. and a spectrum 
is obtained in the usual way. Figure 3.41 shows the optical path in a 
simple ATR unit and also shows the totally internally reflected infra
red radiation. (overleaf). 

3.2.3.4 Experimental Procedure 

In the present investigation the spectra of the prepared polyurethane 
elastomer were recorded using a Backman TR-9 ATR unit (giving nine 
internal reflections). installed in a pye-Unicam SP3-Z00 grating infra
red spectrophotometer. Samples of polymer sheet (approximately 2 mm 
thick) were cut so as to cover the two surfaces of the crystal. Sam
ples were dried in a vacuum oven at about 600C immediately before 
investigation. to remove any surface moisture which would give rise 
to characteristic' OH absorption bands. With the samples clamped firmly 
against the crystal surfaces. spectra were recorded between 4000 cm-l 

and 600 cm-l (2.5 IJm to 16.5 !lm) using a normal scanning mode. 
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FIGURE 3.41: (a) The optical path in a simple ATR unit; 
(b) Totally internally reflected IR radiation 

3.2.3.5 Extent of Hydrogen Bonding in PU Elastomer 

In a pure urethane hard domain, hydrogen bonding results from the 
hydrogen atoms of NH groups serving as proton donors and the C=O groups 
acting as proton acceptors. When the urethane hard segment and the CAPA 
soft segment are mixed at the molecular level, the carbonyls in the CAPA 
backbone also act as proton acceptors in·forming hydrogen bonds with the 
NH groups of the hard segment urethane groups. 

The major absorption bands which appear b~tween 1600 cm- l and 4000 ~~l 
are particularly useful in determining percent hydrogen bonding and hence 
the intepurethane and urethane-soft segment linkages. From the IR spectra, 
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by uSi,ng the 'baseline density' method152 the absorbances at the 
absorption maxima were calculated accordIng to Beer-lambert's law 
of absorption which states: 

I 
A = 10910 (-r) = E.C.l. 

where A = absorbance 
10= intensity of incident radiation 
I = intensity of transmitted radiation 
E = extinction coefficient 
C = concentration of the NH groups 
l = radiation path length (cm) 

The absorbance Ab of the hydrogen bonded absorption maximum is given 
by: 

Similarly, for the free NH absorption maximum 

As an approximation, assuming Eb = EF, then: 

and 

where K is a constant. 
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Values of Ab and AF were calculated from the IR spectra using the 
'baseline density' method as shown in Figure 3.47. 

From Figure 3.47 

The proportion of bonded NH groups is then given by: 

Percent hydrogen bonded NH 
Ab 

= A + A x 100 
b F 

The values of,hydrogen bonding were calculated from the spectra of • 
prepared polyurethane materials are given in Tables 3.34 to 3.37. 

3.2.3.6 Results and Discussion 

Spectra of all polyurethane elastomers were found to be very similar 
to Figures 3.43 to 3.45 which are respectively the representatives of 
a typical l,4-BD, Polacure and TMP-cured polyurethanes. Assignments 
of the most pronounced absorption bands in these spectra are given in 
Table 3.33.· 

Figure 3.43 shows the IR spectra of the 1/2/1 composition of the Capa 
225/CHDI/l,4-BD series. Very similar IR spectra are observed for a 
1/3/2 composition of the Capa 225/CHDI/l,4-BD+l,4-CHDM series. All 
polyurethane elastomers gave spectra showing the absence of an iso
cyanate (NCO) .absorption band at 2240 cm- l , indicating the complete-· 
reaction of diisocyanates. The spectra of CHDI are shown in Figure 
3.42. 
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It is known that a band near 3300 cm- l is caused by the hydrogen 
bonded NH group while the non-hydrogen, bonded NH group appears near 

-1 . 
3440 cm as a shoulder of the bonded NH group. 

The carbonyl region shows splitting of the absorption band into two 
peaks at 1740 cm- l and 1670 cm- l in l,4-BO and l,4-BO+l,4-CHDM 

extended PU e 1 as tomer, whi ch i s attr~~~~1~,~~~t~1f.52Jr?~~~~~ -1 
c=o groups respecti ve ly. The uretha"ne '·NH 6eriairig ,tappears at 1530 cm 
in both series and the presence of a distinct absorption band at 
1412 cm- l suggests the presence of an iSQcyanurate structure. in the 

. , 

~
po lyurethane e 1 as tomers ~:-rfie~socyanura Yf C;CO'\allsorpIT6i1' oa'rid:-'Hwl 
•. ,;l;",;~"~?1~;i'\'.;:.l£t1 . .' ,I' . 
-L.-;.t~~!t~"C" . .J! .. r.!~..dJ:~~ . - . 

The spectra of diol based PU shows the absence of a distinct band at 
1640 cm-l , assigned to the urea C=O stretching mode. This is reasonable, 

, ' , 

as only urethane groups would be anticipated in the diol extended poly-
mers. The urea C=O stretching mode at 1640 cm-l can be seen present in 
Polacure chain extended polyurethanes.' 

l!YPI'§jj 
IR spectra of Capa 225/PPOI/TMP based polyurethane showslbenzene ring,. 

-1 -1 ,. . 
stretching at 1600 cm and 1500 cm (Figure 3.45) due to the struc-
ture of PPOI while these stretching vibrations are absent in CHOI based 
PU elastomers. The TMP based polyurethane also shows a broad c=o 
absorption band at 1720 cm- l •. A:sirnilar C=O absorption band is obser
ved for the CHOI based urethane extended with Capa 305 (Figure 3.46). 
It is worth mentioning that both TMP and Capa 305 are trifunctional 
diols with 154 and 540 molecular weight respectively. These trifunc
tional chain extenders act as a crosslinking agent in polyurethanes. 

The extent of hydrogen bonding in the polyurethanes investigated in 
this research are shown in Tables 3.34-3.37. It is apparent from the 
Tables 3.34-3.37 that all the PU elastomers, studied by infrared 
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spectroscopy. exhibited hydrogen bonding between 50-60%. Using 
excesses of diisocyanates in the formulation of the isocyanurate 
crosslinked series showed relatively little effect on hydrogen 
bonding (about 4-8%). The lower values of hydrogen bonding in the 
TMP extended polymer can. be explained by considering the reduction 
in intermolecular attractive forces that result from a special sepa
ration of·chains due to increased crosslinking. 
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FIGURE 3.47: Showing Baseline Density Method.in a Typical NH 
Absorption Band of PU Elastomer 
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TABLE 3.33: Major Infrared Band Assignment for Prepared PU 
Elastomers 

Frequercy Assignment Relative 
(cm- ) Intensity 

3440 Free N-H stretching Sh, W 

3300 Bonded N-H stretching S 

2925 CH2 assymmetry stretching VS 

2850 CH2 symmetry stretching S 

,1720 F,re!! C~O s,t!'~tchi!1!l. VVS 
fI7~2:16a.il ti~o_cYi\nlIi"~.te';(1" ~.q ,StrffiN91 sh.s 

1670 Bonded c=o stretching VVS 

1625 Urea C=O stretching S 

1600 C=C stretching in aromatic group m 

1530 N-H bending and C-N stretching VS 

1500 C=C stretching in aromatic group m 

1450 CH2 bending m 

1412 .,,' Isocyanurate group m 

1150 C-O-C stretching S 

1060-1090 C-O-C stretching S 
,. 

0 
11 

770 C-O- out of plane bending m 

730 C-H bending of four adjacent m 
H-atoms 
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TABLE 3.34: Extent of Hydrogen Bonding in Polyurethane E1astomers 
Chain Extended with BD 

Samples % Excess Hard Segment Hydrogen Bonded Hydrogen Bonded 
(a) CHOI Weight N-H Groups C=O Groups 

Fraction (b) 
(%) (%) (%) 

Capa 17.1 2 17.66 59.: 28:_: 

B59 5 17.99 58,?" 32,,' , 

B60 10 18.55 56, " 30. i-

B61 15 19.10 56 .. 34.'; 

B62 20 19.63 55, " 30. \> 

B56 25 20.17 54,- : 43': 

B63 30 20.69 52 .. ~ 41; 
-

B64 35 21.21 51 ',' - 43 .' ' 
, 
B65 40 21.72 59 35 • . 
B66 45 22.23 57, 29/ ' 

, '. ' 

(a) All the samples are based on Capa 225/CHOI/1,4-BO 

(b) Calculated as weight percentage of CHOI and l,4-BO per total 
polymer weight 
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TABLE 3.35: Extent of Hydrogen Bonding in PU E1astomers Chain 
Extended with BD and CHDM 

Samples % Excess Hard Segment Hydrogen Bonded Hydrogen Bonded 
(a) CHOI Weight N-H Groups c=o Groups 

Fraction (b) 
(%) (%) (%) 

Capa 18.6 0.2 26.81 54 ,,' 51 .. , / 

B74 5 27.47 52' 48 \ 

.,~, 

B75 10 28.12 55:,'. 48_' 
, 

B76 15 , 28.76 51 45 
'- ~ 

B77 20 29.38 51- 47, 
, '" '. 

B78 25 30.00 53 48' 
'" ., 

B79 30 30.61 51 48., 
, . 

47, " B80 35 31.20 51. 

B81 40 31.79 51. 47, . 

(a) All the samples are based on Capa 225/CHDI/1;4-BD+1.4-CHDM 

(b) Calculated as weight percentage of CHD! and chain extender per 
total polymer weight 
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TABLE 3.36: Extent of Hydrogen Bonding in Polacure Chain Extended 
Based PU Elastomer 

. Ha ra :.egmen t Hyarogen llonaea 
No Sample % Excess Weight NH Groups 

CHDI Fraction (a) (%) 

B142 Capa 225:CHDI:Polacure 0 36.03 53" 
' ' B148 Capa 225:CHDI:Polacure 

. 
30 38.94 51 :i, 

'. 

(a) Calculated as weight percentage of CHDI and Polacure per total polymer 
weight 

TABLE 3.37: Extent of Hydrogen Bonding in PPDI Based Polyurethane 
E1astomers 

Sample % Excess Hara :.egment ,Hya rogen llonaea 
No Chain Extender PPDI Weight NH Groups 
(a) 

. Fraction (b) (%) 

B103 Diano1 (22+33) 30 39.09 . 60,,':, 

B106 Diano1 (22+33)+TMP(1+1) 30 34.28 61:" Ill, 

B108 TMP 30 28.64 . 47'''' " r ,.., 
. 

(a) Samp1es'are based on Capa 225/PPDI/chain extender 

(b) Calculated as weight percentage of PPDI and chain extneder per total 
polymer weight 

I 
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3.2.4 X-ray Diffraction 

3.2.4.1 Introduction 
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The presence of ordered arrangements of atoms or molecules within a 
solid substance can be investigated by using X-ray diffraction 
methods. X-rays are generated by the bombardment of electrons on a 
metal (copper) target in an evacuated tube, causing ionisation of 
surface atoms and subsequent jumping of electrons into vacant orbi
tals. By this process, radiation is produced consisting of several' 

-distinct wavelength maxima, and by use of a suitable filter (nickel), 
. . 0 

radiation of a well-defined specific wavelength (A = 1.542 A)""!is""·.'!"·o""b""ta~i""n-ea:,:n·fi€ 

beam is collimated with suitable pinholes, passes through and is 
diffracted by the sample which is placed in the path of the X-ray 
beam. A flat plate camera is used for the record of the entire 
diffraction pattern. The distance between sample and plate is kept 
constant throughout. The general features of the unit are shown in 
Figure 3.49. 

Coll imator 

X-ray o 0 Specimen 

beam 

o 0 
< , X-ray fi 1m 

FIGURE 3.49: Essential Features of the X-ray Diffraction Instrument 
(WAXS) 

As the wavelength of X-rays are comparable to interatomic distances in 
crystals, diffraction effects will occur when X-rays are exposed to a 
solid substance containing regularly arrayed atoms. Constructive inter
ference of X-rays reflected from parallel atomic layers, are governed 
by Bragg's laws: 



190 

n>. = 2d Sine (A) 

where>. is the wavelength of the radiation, d is the distance between 
the parallel planes in the crystallites, e is the angle of 

. incidence and reflection X-ray beams and n is an integer. 

Knowing the distance between the sample ahd the camera plate, the 
angle e can readily be determined. Using equation (A) and inserting 
the value of >. for the radiation used and also the appropriate value 
of n, the d spacing can be obtained. 

The reinforced waves reflected by all the small crystallites produce 
diffraction rings, or haloes, which are sharply defined for highly 
crystalline materials and become 
phous content is high. 

increasingly diffuse when the amor-
• 

3.2.4.2 Experimental Procedure '~ 

Wide-angle X-ray diffraction patterns of prepared polyurethane elas
tomers were obtained using nickel-filtered CuK radiation generated a 
by a Jeol Model DX-GO-S X-ray generator at 37.5 Kilovolts and 36' milli-
amperes. Photographs were obtained using a flat plate camera for the 
recording of the entire~diffraction pattern with an exposure time of 
l! hours. Samples in the form of a small rectangular strip (15 x 7 x 
2 mm) were mounted in the path of'the X-ray beam with the. face of the 
largest surface area perpendicular to the beam. Photographs were taken 
using a sample to camera distance of 5.8 cm. 

. 
Wide-angle X-ray, photographs of a few stretched PU elast'omers were also 
taken. Elastomer samples in the form of long strips 7 mm wide and 
2 mm thick were stretched to the.desired elongation (300 %) and clamped 
onto a perspex mounting bracket. The bracket is so designed that the 
stretched sample passes across a hole in ,the perspex, through which the 
X-ray beam is arranged to p'ass. 
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Exposed X-ray films were developed in the normal way and the photo
graphs were obtained by contact printing, so scattered X-rays show 
up as light regions on a dark background. 

3.2.4.3 Results and Discussion 

WAXS photographs'illustrating the different scattering patterns 
observed-are shown in Figures 3.50 to 3.53.' As the figures show, 
there is no distinct sign of crystallinity in any of the samples, 
as indicated by the absence of any sharp diffraction rings and the 
appearance of only a diffuse amorphous halo at 0.45 nm. Increasing' 
the concentration of the hard segments and consequently their length, 
enhances the structural arrangements of the hard segments and promotes 
some microcrystallinity of the- domains. The effect of increasing the 
concentration of the hard segment is shown in the WAXS pattern of 
l,4-BD based (samples numbered B59+A'6) and l,4-BD+l,4-CHDM based 
(samples numbered Capa 18/6+879) PU elastomers where some weak diff
raction is observed in polyurethanes with higher hard segment content 
(samples numbered A'6 and B79). This is due to the use of excess 
diisocyanate in which the WAXS pattern of the polymers is sharper 
and gives a better defined diffraction pattern, suggesting that some 
short-range ordering is caused by the hard segment. 

Polacure based PU elastomers also show WAXS patterns similar to those 
given by the 1,4-BD based PU and l,4-BD+l,4-CHDM based PU elas~omers 
(Figure 3.52). The presence of only a diffuse halo indicates the 
absence of crystallinity in these materials. These results are in 
agreement with DSC results from which there is no evidence of a sharp 
crystalline melting point. Although WAXS. results did not suggest any 
substantial crystallinity in prepared polyurethane samples, 'the possi
bility of some small degree of crystallinity certainly cannot be ruled, 

, 153 
out. These results are also supported by those of Abouzahr et al 
on MDI/BD/PTMO-2000 type polyurethanes. They found no detectable 
crystalline diffraction for samples with less than 35% hard segment 
content. 
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Figure 3.53 illustrates the effect of elongation on the WAXS pattern 
of sample B79 at approximately 300% extension; the resulting diagram 
is considered to represent para-crystallisation of the polyester-soft 
segment. 

3.2.5 Scanning Electron Microscopy (SEM) 

3.2.5.1 Introduction 

Scanning electron microscopy was used in a detailed study of prepared 
PU; sample surface morphology through direct observation of sample -
surfaces. The scanning electron microscope is a device which produces 
images of rough and smooth surfaces at magnifications of up to about 
50,000 times with a best resolution of about 10 nm. A schematic dia
gram of a scanning electron microscope is shown in Figure 3.54. The 
essential features of a scanning electron microscope are: 

1. An electron source 
2. A means of focJsing a tiny spot of electron from the source on , 

the specimen 
3. A means of scanning the spot across the specimen 
4. A means of detecting the response from the specimen 
5. A display system, capable of being scanned in register with 

the incident scan 
6. A means of transmitting -the response from the specimen to the 

display system. 

The obvious advantages of the scanning electron microscope are: 

a) large depth of focus; 
- b) the possibility of direct observation of the external form of 

real objects at high magnification; 
c) the ability to switch over a wide range of magnification; 
d) the ease of operation, and the large space available for dyna

mic experiments on the specimen. 
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FIGURE 3.54 A Schematic Diagram Showing the Operation of a Scanning 
Electron Microscope 

3.2.5.2 Experimental Procedure 

SEM specimen preparation is often extremely simple. In many applica
tions, the specimen merely has to be attached to a stub using a quick 
setting adhesive and a conductive path provided from the specimen to 
the stub using conducting paint to bridge the thin adhesive layer. 
The stub fits simply into the specimen stage which is normally provided 
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with controls for translation, tilt and rotation. If the specimen is 
non-conductive a conductive coating must be applied to the surface, 
usua lly by evaporating or sputtering a metal (often gold or go 1 d
palladium alloy). This is to prevent charging, which disrupts the 
image. In addition to the problem of charging, polymers suffer radia
tion damage, and artefacts may develop while viewing sometimes so 
quickly that the original structure may not be recorded. 

All the polyurethane samples examined in this instance were prepared 
for scanning electron microscopy (SEM) by cutting from cast sheets 
and applying a gold coating. Micrographs were obtained at x2000 mag
nification using a Cambridge Stereos can model 2A. 

3.2.5.3 Results and Discussion 

It was recorded in the literature59 ,60,6l that the presence of a crys

talHzablesegment in a segmented polyurethane elastomer system can lead 
to the development of large scale structures which can be termed super
structures. The superstructure entities (spherulites) ·contain preferen
tially oriented domains, which are formed by aggregation of hard seg
ment units. 

SEM micrographs of prepared PU elastomers which are shown in Figures 
3.55 and 3~56 are based on Capa 22S/CHDI/l,4-BD+l,4-CHDM and Capa 225/ 
CHDI/l,4-BD respectively. The micrographs in Figure 3.55 show that as 
the series proceeds from a+c, the degree of discrete spherulitic struc
ture becomes more pronounced. In fact, for sample(a)with 0.2% excess 
CHDI no well defined spherulitic boundaries exist. The explanation for 
the systematic change in morphology of these polymers is considered to 
be the result of the increasing hard segment content which gets propor
tionally higher in the case of using the greater excess CHDI. 

The SEM results are in good agreement with the X-ray results in which 
the WAXS pattern of the polymer with a higher amount of excess CHDI was 
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sharper and better defined. This shows the presence of more 
microcrystalline hard segments.in polyurethane e1astomers that 
have higher percentages. of excess CHOI (30%) in comparison with 
those PU samples with lower percentages of excess CHO! (0.2%). 
It is thought that it is .the presence of excess amounts of diiso
cyanate which is capable of creating some isocyanurate structure 
in the polymer, and that this enhances the dom~in structure because 
of the higher hydrogen bonding ability resulting in segregation of 
the hard segments. The thermal stability and mechanical· properties 
of such polyurethane e1astomers are observed to be improved by this 
domain structure formation. 

SEM studies of Capa 225/CHOI/l,4-BO based PU ·elastomers (Figure 3.56) 
show similar results to those shown in Figure 3.56 for the l,4-BO+ 
l,4-CHOM based PH elastomer system. 

, 
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(a) (b) 

(c) 

FIGURE 3.50: Wide angle X-ray diffraction patterns of Capa 225/CHOI/ 
1.4-BO series with different percentages of excess CHOI: 
a) 5%; 
b) 30%; 
c) 50%. 
(Unstained samples) 
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(a) (b) 

(c) 

FIGURE 3.51: Wide angle X-ray diffraction patterns of Capa 225/CHDI/ 
l,4-BD+l,4-CHDM series with different percentage of 
excess CHDI; 
(a) 0.2%; (b) 5%; (c) 30%. (Unstained samples) 
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(a) (b) 

FIGURE 3.52: Wide angle X-ray diffraction patterns of Capa 225/CHOI/ 
Polacure series with different percentage of excess CHOI: 
(a) 0.2%; (b) 30%. (Unstained samples) 

FIGURE 3.53: Wide angle X-ray diffraction pattern of Capa 225/CHOI/ 
1,4-BO+l,4-CHDM series with 30% excess CHOI at 300% 
extension (arrow shows the direction of extension) 
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(a) (b) 

(c) 

FIGURE 3.55: SEM micrographs (2000X magnification) showing the surface 
morpho1ogies of Cap a 225/CHDI/1.4-BD+1.4-CHDM based PU 
e1astomer having different percentage of excess CHDI: 
(a) 0.2%; (b) 5%; (c) 30%. 
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(a) (b) 

(c) 

FIGURE 3.56: SEM micrographs (2000X magnification) showing the surface 
morphologies of Capa 225/CHDI/l.4-BD based PU elastomer 
having different percentage of excess CHDI: 
(a) 5%; (b) 30%; (c) 50%. 
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3.2.6 Determination of Crosslink Density byS~le11ing 

3.2.6.1 Introduction 

As mentioned in Chapter 1, the crosslinking of polymer chains is 
of primary importance in controlling many polymer properties. In 
the case of a polyurethane elastomer, crosslinking can be produced 
by the use of either an excess of the diisocyanateor a branched 
polyol having functionality greater than· two. 

Basia PrinaipZes: 

Swelling measurements are often used to measure thecrosslink 
density of elastomers. The degree of swelling (the amount of sol
vent imbibed) is known to be dependent upon the crosslink density 
of polymer networks; the greater the crosslink density, the less 

.. is the degree of swe 11 i ng. Percentage swe 11 i ng by volume of the 
polymer samples can be determined by using the following formula154 : 

• = Gain in wei~ht .' 
% swelllng by volume. Speclfic gravlty of 

solvent 

Specific Gravity of 
specimen 

x "'O""'r""i g-'l"'n-:"aTl""'w""e'"'i-g"-hrt ....,o:-;f~ x 1 DO 
specimen 

The number average molecular weight between crosslinks, Mc' can be 
calculated from the Flory-Rehner155 equation: 
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- In[ (l-Vr ) + Vr + xVr
2J = pV M -1 (V 1/3 - V /2) (B) s err 

where V is the volume fraction of polymer in the s~/ollen gel at r . 
equi 1 i bri urn 

x is the polymer-solvent interaction parameter 

Vs is the molar volume of solvent 

Mc is the number average molecular weight between crosslinks 

p is the density of polymer. 

The volume fraction of polymer (Vr ) can be calculated from the equa
tion: 

where ml is the weight of the polymer before swelling 
m2 is the weight of the polymer after swelling 
ds is the density.of solvent 
dr is the density· of polymer. 

(C) 

The polymer-solvent interaction parameter (x) was determined from 
the Bristow and Watson156 semi-empirical equation: 

(D) 
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where III is the lattice constant, usually about 0.34 

Vs is the molar volume of solvent 
R is the universal gas constant 
T is the absolute temperature 
I) is the solubility parameter and the subscripts sand p 

refer to the swelling agent and polymer, respectively. 

The solubility parameters of polyurethane and the solvent (toluene) 
are 10.0 (cal/cc)~ and 8.9 (cal/cc)~ respectively, according to the 
data taken from polymer handbooks 157 • 

The molar volume of solvent is determined from the equation: 

where: M is the molecular weight of solvent 
d is the density of solvent. 

The crosslink density, defined as ~ can therefore be calculated. 
c 

3.2.6.2 Experimental Procedure 

Swelling experiments were conducted on small rectangular (approximately 
20 x 10 x 2 mm) specimens of the synthesised PU's·in toluene at room 
temperature for one week. A swelling time of one week was chosen as 
the basis of the test results on several samples which showed no sig
nificant changes after one week of immersion in toluene. At the end 
of the immersion period the sample was removed, rapidly blotted with 
tissue and transferred to the weighing bottle to obtain the swollen 
weight of the sample. The crosslink density was calculated, based 
on the values of Vr and Vs obtained, using equation (B). Crosslink 
density was expressed as moles of crosslink per gram of insoluble 
network. 
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3.2.6.3 Results and Discussion 

As the polymer-solvent interaction parameter X was necessary to 
calculate the cross1ink density from the swelling data, it was deter
mined (x = 0.56) from the equation (D). 

The results of swe11ing·tests for five series of prepared polyurethane 
e1astomers are given in Tables 3.38 to 3.42 and Figure 3.57. The' 
results indicate that: 

1. The cross1ink density values of the polyurethanes significantly 
increased with increasing amounts of excess diisocyanate in the 
original gel. 

2. The swelling capacity (or ability of the network to imbibe 
solvent) decreases with increasing the degree of cross1inking. 

3. Swollen volume of polyurethanes based on 1/2/1 block ratio was 
greater than the swollen volume of urethanes based on 1/3/2; 
this means samples with lower block ratio have lower cross1ink 
densi ty. 

4. Swollen volume of the Po1acure based urethane was greater than 
the swollen volume of the l,4-BD+1,4-CHDM based urethanes (as 
is clear from Tables 3.39 and 3.40). 

5. Cross1ink density of polyurethanes cured by Po1acure exhibited 
higher values than the polyurethanes cured with the l,4-BD+ 
l,4-CHDM chain extension agent (see Figure 3.57). 

6. Polyurethanes extended by the Diano1 (22+33) chain extension 
agent showed a lower cross1ink density than those extended by 
Diano1 (22+33}+TMP (1/1) or TMP alone. These results illustra
ted that more cross1inks were formed during the chain extension 
of polyurethane with TMP chain extender (see Table 3.42) than 
where it was not used in the chain extension system. 
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TABLE 3.38: Cross1ink Density and Swollen Volume of Polyurethane 
E1astomer Based on Cap a 225/CHDI/1,4-BD 
(Block ratio 1/2/1) 

.. 

Sample % Excess 
Vr 

% Volume Cross1ink Density 
No CRDI Swollen (mole/g) 

--'-

Capa 17,1 . 2 0.4862 235··, 72.7 x 10-5 

B59 5 0.4939 232 " 77.44 x 10-5 

B60 10 0.5049 228: .j. 84.76 x 10-5 

B61 15 0.5200 222. _cc 95.58,x 10 -5 

B62 20 0.5295 219. , 103.04 x 10-5 

B56 25 0.5512 211 .. " 121.93 x 10-5 

863 30 0.5601 209, _" 130.34 x 10-5 

864 35 0.5690 206:';1 139.15 x 10-5 

B65 40 0.5860 201:: .. ! 157.72 x 10-5 

B66 45 0.5882 201 "., 160.24 x 10-5 

A'6 50 0.5929 199:,,1, 165.85 x 10-5 
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TABLE 3.39: Cross1ink Density and.Swo11en Volume of Polyurethane 
E1astomer Based on Cap a 225/CHDI/1.4-BD + 1.4-CHDM 
(Block ratio 1/3/2) 

Sample % Excess 
Vr 

% Volume Cross1ink Density 
No CHDI Swollen (mole/g) 

Capa 18.6 0.2 0.5751 204'.: 146.47 x 10 -5 

B74 5 0.5895 200.~ 167.14 x 10-5 

B75 10 0.5966 198 170.49 x 10-5 

B76 • 15 0.6024 197 <, • 177.72 x 10-5 

B77 20 0.6066 196.' . 182.46 x 10-5 

B78 25 0.6159 194.,' 194.97 x 10-5 

0.6251 
.' 

208.15 x 10-5 B79 30 191 ,~ 

B80 . . 35 0.6382 188. ' 228.16 x 10-5 

B81 40 0.6398 188~ , 230.71 x 10-5 
.' 
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TABLE 3.40: Crosslink Density and Swollen Volume of Polyurethane 
Elastomer Based on Capa 225/CHDI/Polacure 
(Block Ratio 1/3/2) 

Sample % Excess 
Vr 

% Volume Crosslink Density 
No CHDI Swollen (mole/g) 

B142. 0.2 0.6067 200' 177 .61 x 10-5 
, .~ 

227.12 x 10-5 B143 5 0.6362 192 .. 
. 

-, 
241.78 x 10-5 B144 10 0.6502 189,' 

B145 15 0.6623 186'". ; 262.23 x 10-5 

B146 20 0.6642 185 ~. 266.32 x 10-5 

B147 25 0.6879 180/ ' 314.59 x 10-5 

B148 30 0.6962 179 1 " 332.10 x 10-5 

TABLE 3.41: Crosslink Density and Swollen Volume of Polyurethane 
E1astomer Based on Capa 225/PPDI/l,4-BD 
(Block Ratio 1/2/1 ) 

Sample % Excess 
Vr 

% Volume Crosslink Density 
No CHDI Swollen (mole/g) 

. 

B119 0.2 0.5637 210" 131.79 x ,10-5 
. ' , 

132.32 x 10-5 ' -B120 5 0.5639 209. . 

B121 10 0.5676 208, 136.05 x 10-5 
:'.~t' 

146.08 x 10-5 B122 15 0.5773 205 •. 

B123 20 0.5789 204 . . i 147.30 x 10-5 
,-

157.79 x 10-5 B124 25 0.5882 203! .. 



TABLE 3.42: Crosslink Density and Swollen Volume of Soft Polyurethane Elastomer 
(Block Ratios 1/3/2) . 

Sample Po1yo1 Diisocyanate Chain Vr % Volume 
No Extender' Swollen 

B103 . Capa 225 PPDI Diano1 (22+33) 0.4851 241( 

B106 Capa 225 PPDI Di anol (22+33) 0.5409 219, , 
, 

'., 

+ TMP 

B108 Capa225 PPDI TMP 0.7227 208 , 
>-.J 

B131 Capa 240+ PPDI TMP 0.4806 240, 
Capa 305 
(3/1) 

B133 Capa 225 CHDI TMP 0.5663 .. 207"'" ,~ 
• \\ i 

B155 Capa 231 CHDI Capa 305 0.4014 27B.> , 

. 

Cross1ink Density 
(mole/g) 

69.27 x 10-5 

108.94 x 10-5 

400.64 x 10-5 

678.80 x 10-5 

135.86 x 10-5 

33.55 x 10-5 

N 
o co 
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FIGURE 3.57: Crosslink density vs % excess CHOI for the 
polyurethane elastomer based on Capa 225/ 
CHOI/chain extender: (0) Polacure; 
(D) l,4-BO+ 1 ,4-CHOM; (.) l,4-BO 
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CHAPTER 4 

GENERAL PHYSICAL AND MECHANICAL PROPERTIES 

The present chapter deals with the measurement of physical and mecha
nical properties of the prepared polyurethane elastomers. These include 
the tensile properties, tear strength, compression set, hardness, ten
sion set, density, skid resistance, fatigue life, heat generation, 
hysteresis and ageing of the polymers. 

4.1 TENSILE STRENGTH PROPERTIES 

The stress-strain properties were carried out in accordance with 
BS 903: Part A: 1971. The JJ"tensile testing machine* Model T5002 
was used in conjunction with an X-Y plotter (PL 100 of JJ) while the 
crosshead speed was maintained at 100 mm/minute and a load cell giving 
a maximum load of 500 Newtons was employed throughout. Test specimens 
were BS dumbell type 2 cut from 2-3 mm thick cast sheets using a die 
punch cutter. Four to five specimens were used for each determination 
and all the samples were conditioned for at least 2 weeks at room 
temperature (230 C) and 60% relative humidity prior to testing. The 
following tensile parameters were calculated and the results cited in 
appropriate tables: 

i) Ultimate tensile strength 

Ultimate tensile strength is calculated from the recorded load at 
break using the following formula: 

• Force at break 
Ultimate tenslle strength = Initial cross-sectlon area (MPa) 

* J J Lloyd Instruments Ltd, Warsash, Southampton, England 
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ii) Modulus at 100% and 300% strain 

Modulus at a given tensile strain is a tensile stress at a given 
strain and obtained as follows: 

Modulus (at 100% or 300%) = Force at a given strain 
Inltlal cross-sectlon area 

iii) Elongation at break (%) 

(MPa) 

It was calculated by s.ubtracting the initial distance between the 
reference lines.on the dumbell test piece from the distance between 
the lines at breaking point and expressing the results as a percen
tage of the initial distance. For type 2 test'pieces, the initial" 
distance is 20 mm. 

Tensile properties were also measured at elevated temperature in order 
to correlate crosslinking effect and structural variation with strength 
properties. 

4.1.1 Results and Discussion 

"Jhe results of tensile properties of prepared polyurethane elastomers 
are presented in Tables 4.1 to 4.7. Table 4.1 shows the properties of 
polymers Which are based on the Capa 225/CHDI system and chaio_extended 
with different diol chain extenders. The block ratio varied from 1:2:1 
to 1:2.6:1 for some samples i.e. increasing hard segment content by using 
excess CHD!. The hardness.tensile,strength and modulus increase with 
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increasing hard segment content, this shows the effect of excess 
diisocyanate on improving physical properties. A similar effect is 
demonstrated in the Capa 225/CHDI/l,4-BD based polymers where the 
increase in CHDI from stoichiometric ratio to 30% excess improved 
tensile properties (see Tables 4.2 and 4.4). 

In order to measure thermal stability and strength retention, tensile 
properties of polyurethanes are also measured in elevated temperatures 
using a hot air environmental chamber to enclose the grips of a JJ Lloyd 
tensile testing machine. The tensile properties at room temperature and 
up to 2l00C of the two series of polyurethane elastomers based on 
Capa 225/CHDI/l,4-BD and Capa 225/CHDI/l,4-BD+l,4-CHDr1 studied are given 
in Tables 4 •. 4 and 4.5 respectively. In both these series the percentage 
of free isocyanate allowed to be present in the elastomer on first cas
ting was varied from 0-50% in 5% steps. 

Influence of % Free NCO on the Properties of the PU Elastomer at Room 
Temperature 

For both the PU systems studied there is an increase in the hardness 
.~alues of 8-90 Shore A as the amount of molar excess of isocyanate 
available for crosslinking increases from 0 to 50%. In the l,4-BD 
extended polymer (Table 4.4) tensile strength values increase from 
about 17 MPa at 0% free NCO to a maximum of nearly 61 MPa at 30% 
excess NCO; this is an increase by a factor of 3.58. In parallel, 
for the mixed l,4-BD+l,4-CHDM extended PU system (Table 4.5) an initial 
tensile strength of 25.4 MPa increases to a maximum of 62.45 MPa at 
30% excess diisocyanate. Elongation at break values remain consistently 
high for both systems and are nearly always in the range 500-800%.· 
The elastomers produced, though stiff in nature, were highly elastic 
materials possessing ready flexibility and good elastic recovery 
characteristics. Modulus values were consistently high and increased 
steadily with increasing NCO levels. 
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Strength Properties at Elevated Temperature 

The changes in tensile properties, as the temperature rises from 
230C to 2100 C, follow a consistent pattern and decrease uniformly. 
It is specially observed that these polyurethanes show no sharp 
melting points accompanied by rapid loss in dimensional stability. 
This is a characteristic usually only shown by the traditional co
valent crosslinked rubbers such as NR, CR and the like and is of 
importance in engineering applications where it is essential to 
avoid failures of a catastrophic nature which may occur if a poly
mer possesses a sharp melting point. 

Retention of tensile strength at elevated temperature is seen to reach 
a maximum at the excess NCO % content of 40% with the l,4-BO extended 
polyurethanes and at 30% with the mixed 1 ,4-BO+l,4-CHOM extended poly
mers. With both systems elongation at break values remain at consis
tently high levels throughout the temperature range 23-2100C. Also 
the polyurethanes remained dimensionally stable and elastic as demon
strated by their possession of measurable elastic modulus at the high
est test temperatures used. 

There is some indication from a few tensile test results that the 
systems may remain elastic at 2400 C (see Table 4.5); this aspect 
was not pursued as it was considered that ultimate tensile strength 
values of about 5-7 MPa for the l,4-BO system at 2400C and 5-9 MPa 
for the 1 ,4-BO+l ,4-CHOM·systems at 2100 C represent the lower strength 
limits of a useful engineering elastomer. 

Systematic trends in physical properties, with respect to the percen
tage of excess diisocyanate used, are readily detectable and illustra
ted in Figures 4.1 and 4.2 which show all physical properties ~Q re~h 
maximum values at specific values of the initial excess of diisocyanate 
which is usually in the 30-40% range. 
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Tensile properties of polyurethane e1astomers based on Capa 225/CHDI 
and extended with different dio1s and diamine are given in Table 4.6 
to compare the effect of dio1s and diamine on tensile properties. 

--~ --~As-the- tab1e-shows-i n-the-case-of- Po1acure- based-PU- e1astomer.-the 
hardness and modulus are higher and the elongation at break is lower. 
This is believed to be due to the formation of urea linkages in the 
polymer backbone which is affected on cross1inking and hydrogen 
bonding formation and gives more rigidity to the polymer. 

The tensile properties of some soft polyurethanes are also given in 
Table 4.7. It is seen that the hardness and modulus increase and 
ultimate tensile strength and elongation at break decrease by using 
TMP as a mixed chain extender with Diano1 (22+33) or alone (see 
Figure·4.4). This is perhaps due to more cross1inking and poor mo1e~ 
cu1ar ordering in these systems. Moreover. the.10w level of tensile 
strength properties exhibited by these materials indicates the presence 
of a disordered system having mixed hard and soft segments. 

4.2 HARDNESS. 

The hardness of all polyurethane e1astomers was determined using a 
Durometer hardness tester (Shore A and Shore D) according to ASTM 
D-2240. 

4.2.1 Results and Discussion 

Values of hardness (Shore A and Shore D) of all prepared polyurethanes 
are given·in Tables 2.3 and 2.4. The hardness values of some polyure
thane e1astomers are also given in Tables 4.1 to 4.7. Symmetrical. 
bulky diisocyanate and chain extenders give rise to materials of higher 
hardness while asymmetrica1.diisocyanates and chain extenders give--much 
softer materials. indicative of relatively poor packing of hard segments. 
Increased hard segment content by using higher block ratio or using 
excess dilsocyanate gives a marked increase in hardness. 



TABLE 4.1: Tensile Properties of Polyurethane E1astomers Based on Capa 225/CHDI/chain extender (see table) 
with 1/2/1 molar ratio 

Sample %-Excess Chain Extenders 
No 

B57 
B58 
B93 
B67 
B68 
B69 

-
B92 
B94 
B95 

Key: 

CHDI Used 

0 l,5-naphtha1ene dio1 
0 Quino1 

30 Quino1 
0 Catechol 
0 2,3-naphtha1ene dio1 
0 2,4-dihydroxybenzo~ 

phenone 
0 P,P'-bipheno1 

30 P,P'-bipheno1 
30 Di(4-hydroxy)su1phone 
30 Bispheno1 A 

., 
. 

UTS = Ultimate Tensile Strength in MPa 
EB = Elongation at Break, % 
M1bo= Modulus at 100% strain in MPa 
M300= Modulus at 300% strain in MPa 
A land D = Hardness in Shore 

UTS 

13.44 
16.34 
22.11 
17.62 
11.81 
25.73 

16.69 
22.13 
28.83 
24.17 

Hardness 
EB M100 M300 A D 

545 5.09 9.64 
72/ 

22 
500 7.89 12.83 85 31 
410 10.49 17.44 90 \ 38 
440 6.92 13.36 82 

\ 
25 

485 5.33 8.58 78 27 
685 6.63 12.66 81 28 

570 6.7 11 .21 85 29 
450 9.91 15.95 92 39 
440 10.4 19.23 89 37 , 
515 7.36 14.66 84 29 

N 
~ 

U'I 
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TABLE 4.2: Tensile Properties of Polyurethane Elastomers Based on 
Capa 225/CHDI/l.4-BD with 1/3/2 molar ratio 

Sample % Excess Hardness 
UTS EB M100 M300 No CHDI A D 

Bl . 0 25.36 480 9.92 16.5 90' 38 
B84 5 32.8 600 10.95 17.49 92 43 
B85 10 44.46 720 11.80 19.18 92 44 
B86 25 55.0 675 14.24 25.41 96 49 
B87 30 52.73 630 14.38 27.39 96 . 49 

Key: As in Table 4.1 

TABLE 4.3: Tensile Properties of Polyurethane Elastomers Based on 
Capa 225/PPDIJ1.4-BD with 1/2/1 molar ratio 

Sample % Excess Hardness 
UTS EB MlOO M300 No PPDI A D 

B118 0 26.93 550 11.23 16.29 88 40 
B119 0.2 54.89 720 11.06 18.67 89 40 
B120 5 50.7 650 11.01 19.38 89 41 
B121 10 52.01 650 10.75 18.76 90 42 
B122 15 50.68 640 10.39 18.04 89 41 
B123 20 51.6 645 10.82 19.52 89 42 
B124 25 52.17 630 11.28 21.04 90 42 
B125 30 56.59 600 10.19 21.06 90 42 

Key: as in Table 4.1 



TABLE 4.4: Tensile Properties of Polyurethane Elastomers Based on Capa 225/CHDI/l,4-BD with 1/2/1 molar ratio at room 
and elevated temperature . 

, 

Sample % Test Temperature 
No Excess 23°C 120°C 150°C CHDI 

UTS EB Ml00 M300 UTS EB Ml00 M300 UTS EB Ml00 M300 

I. A27 0 17.02 630 6.73 10.69 4.10 30 - - - - - -
Capa 17,1 2 43.80 820 7.33 12.35 7.15 . 385 5.04 6.48 4.87 325 3.82 4.77 

859 5 44.27 790 9.5 16.12 11.5 580 5.82 8.06 6.23 460 3.64 4.83 
860 10 53.36 830 9.5 16.73 12.71 575 6.81 9.12 8.12 395 6.15 7.39 
861 15 53.50 745 9.88 17.40 13.52 570 6.85 9.23 . 8.45 435 5.28 6.88 
B62 20 56.56 750 10.61 18.82 17.07 650 7.07 9.81 10.45 525 5.15 7.18 
856 25 57.48 710 11.42 20.79 19.74* 660* 8.40 11.52 14.32 640 7.37 9.68 
863 30 60.97 715 11.52 20.79 21 .66* 670* 9.44 12.57 15.8 590 8.72 10.86 
B64 35 60.69 690 11.96 22.17 23.23* 660* 9.51 13.10 17.88 665 7.44 10.41 
B65 40 55.24 570 12.85 24.59 28.16* 670* 10.66 14.10 16.13 430 8.54 12.09 

B66 45 54.20 580 13.12 25.57 25.43* 660* 8.94 14.89 18.74 580 8.4 11 .• 47 
A'6 50 51.48 675 12.55 22.81 20.6 635 10.1 13.57 13.39 505 7.38 9.99 

. 

* Sample did not brefk (because of limitation of oven's length) 



TABLE 4.4 ••• continued 

Sample % , 

No Excess 1800 C CHDI 

UTS EB M100 M300 UTS 

A27 0 - - - - -
Capa 17,1 2 2.54 55 - - -

B59 5 3.06 60 - - 1.77 
B60 10 5.75 330 5.12 5.65 3.12 
B61 15 5.22 340 4.1 B 4.96 2.21 
B62 20 7.03 434 4.67 5.75 3.57 

. 

B56 25 10.38 545 6. B1 8.06 5.27 

I. B63 30 . 10.26 510 6.61 7.99 5.47 
B64 35 11 .54 600 6.14 7.79 5.4 
B65 40 11.69 365 B.OB 10.33 7.13 
B66 45 13.22 590 6.21 B.27 6.33 
A'6 50 10.22 410 6.93 8.78 6.15 

Note: Key as in Ta~le 4.1. 
I 

Test Temperature 

2100C 

EB MlOO M300 UTS 

- - - -
- - - -

30 - - I -

20 - - -
30 - - -
80 - - -

315 5.01 - -
250 5.01 - -
290 4.84 - -
330 5.9 6.B7 5.2B 
310 5.56 6.27 4.4B 
220 5.7 - -

2400C 

EB M100 M300 

- - -
- - -
- - -
- - -

. - - -
- - -
- - -
- - -
- - -

100 5.2B -
50 - -
- - -

Hardness 

A D 

81 27 
83 34 
85 35 
86 37 
B7 3B 
8B 39 
BB 40 
B9 41 
90 42 
90 43 
91 44 
91 44 

" o 



TABLE 4.5: Tensile Properties of Polyurethane E1astomers'Based on Capa/CHDI/1,4-BD+1,4-CHDM with 1/3/2 molar ratio at room 
and elevated temperature 

. 
Test Temperature Sample % 

No Excess 230C 1200C 1500C CHDI 

UTS EB MlOO M300 UTS EB M100 M300 UTS EB r~100 M300 

A2 0 25.40 688 6.20 11 .17 5.52 380 3.69 4.93 2.91 125 2.8 -
Capa 18,16 0.2 35.84 665 9.58 12.29 11 .99 440 8.39 10.54 8.97 270 8.4 -
B74 5 49.27 790 12.05 19.59 ' 15.10 505 9.67 11.82 9.55 355 7.72 8.97 
B75 10 56.74 705 12.45 22.54 20.7* 675* 7.29 10.29 13.24 515 6.61 8.82 
B76 15 ' 56.91 715 12.25 22.03 24.18* , 660* 9.0 12.35 15.52 500 8.70 11 .17 
B77 20 55.89 675 12.62 23.34 25.64* 670* 9.05 ' 12.78 16.07 545 7.50 10.31 
B78 25 57.44 650 12.94 24.88 29.18* 650* 10.23 14.60 21 .21 570 9.96 12.75 
B79 30 62.45 620 ' 14.36 28.29, 29.67* 680* 10.45 14.63 20.49 590 8.65 11.92 
B80 35 54.82 560 14.80 28.84 28.01 540 11 .22 15.11 19.96 445 10.35 13.95 
B81 40 54.46 515 15.01 31 .40 25.72 530 11.30 15.14 17.99 440 9.50 13.29 
BB2 45 54.90 475 17.20 33.74 - - - - - - - -
B83 50 45.78 420 17.42 33.48 - - - - - - - -

! 

* Sample did not breiak (because of limitation of oven's length) 



TABLE 4.5 ••• continued 

Sample % 
No Excess 180°C CHOI 

UTS EB M100 

A2 0 2.8 35 -
Capa 18,6 0.2 5.84 90 -
B74 5 7.12 115 7.12 
B75 10 7.77 

. I 
375 5.99 

B76 15 9.72 400 7.23 
B77 20 8.58 375 6.04 
B78 25 14.39 470 9.41 
B79 30 13.12 490 7.41 
B80 35 12.97 325 9.97 
B81 40 12.81 395 8.72 

Note: Key as Table 4.1. , 

Test Temperature 

M300 UTS EB 

- - -. 

- - -
- . 5.69 40 

7.0 5.67 110 
8.52 5.39 75 
7.61 5.54 140 

. 

11 .01 8.71 330 
9.58 7.34 295 

12.30 9.2 275 
10.93 9.2 310 

210°C 

M100 M300 

- -
- -
- -

5.67 -
- -

5.29 -
7.88 8.47 
6.58 -
8.73 -
8.25 8.95 

Hardness 

A 

92 
92 
92 
92 
92 
93 
94 
94 
94 
95 

B 

42 
42 
44 
45 
45 
46 
47 
48 
51 
52 

N 
N 
o 
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TABLE 4.6: Tensile Properties of Polyurethane Elastomers Based on 
Capa 225/CHOI/chain extender (see Table) with 1/3.9/2 
molar ratio 

Sample Chain Extenders Hardness 
UTS EB Ml00 M300 No Used A 0 

B87 1,4-BO 52.73 630 14.38 27.39 96 49 
B79 1 ,4-BO+l ,4-CHOM 62.45 620 14.36 28.29 94 48 
B97 1 ,4-CHO 29.6 380 15.47 23.99 95 48 
B89 HQEE 36.19 380 19.24 28.59 98 56 
B148 Polacure 39.92 310 21.73 37.35 95 53 

. 

Note: Key as in Table 4.1. 

TABLE 4.7: Tensile Properties of the Soft Series of PU Elastomers 

cu 
cu ~ , .... , Hardness 
~ 0 0'" cc 0 0 
0.0 >, IIIC .~ cu VI 0 o -
Ez: ~ ~'" "' ....... I- Cl ~ M 

A 0 '" 0 p~ .c:xcu ::::> w ::E ::E 
VI 0- U W-O 

. 

Bl03 Capa 225 PPOI Oianol(22+33) 31.61 440 3.04 10.86 62 21 
Bl06 11 PPOI Oianol(22+33) 13.22 200 4.87 - 66 24 

+TMP(l/l) 
- . 

TMP Bl08 11 PPOI 12.45 120 8.58 - 75 26 .. , 
B155 Capa 231 CHOI Capa 305 19.13 220 7.56 - 72 22 ... 
B131 Capa 240 PPOI TMP 15.56 165 6.45 - 70 26 

+Capa-3m .. 
(3/1 ) 

Note: Key as in Table 4.1. 
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4.3 TEAR STRENGTH 

A special type of tear test was designed and used to determine the 
tear properties of the polyurethane elastomers. Rectangular test 
pieces, of approximate dimensions 60 mm x 10 mm x 2 mm (see Figure 
4.5) were die cut from the cast sheets. Each specimen was measured 
for thickness immediately after cutting. A nick was then cut in the 
test piece using the Wallace nick cutter and the resulting nicked 
specimen pulled apart on the JJ tensile testing machine at a constant 
cross head speed of 100 mm/minute. The maximum force required to tear 
across the width of the uncut portion was measured. The following 
formula was used to calculate the tear strength (BS 903: Part A3: 
1982): 

Tear strength = ~ 

where F = maximum force in kN 
t = thickness of the test piece in m. 

",2 mm /nick -
~ I I 10 mm 

I 

60 mm 

FIGURE 4.5: Tear Testing Sample and Tearing Mode 

The result.was expressed in kN/m. 
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4.3.1 Results and Discussion 

High tear strength depends primarily on the presence of strong tie 
pOints throughout the polymer matrix. These tie points hinder the 
progress of crack growth and in polyurethanes may take the form of 
hard segment domains. The values of tear strength of ' the prepared 
polyurethane e1astomers are given in Tables 4.8 to 4.10. Polyure
thane e1astomers having higher hard segment content are found to 
give higher values of tear strength. This is demonstrated by com
paring sample Capa 18,6 (0.2% excess CHDI) with sample S74 (5% excess 
CHDI) in l,4-BD+1,4-CHDM based polyurethanes; and B142 -(0.2% excess 
CHDI) with B148 (30% excess CHDI) in the Po1acure based polyurethane 
seri es. Thi s is thought to be due to, the ,presence of 1 arger and more 
perfectly developed domains in the higher hard segment PU'S which are 
more effective as crack growth inhibitors. Domain structures are 
affected, with respect to their tear strength, by strong intermolecular 
forces which exist in phase segregated polyurethanes. 

4.4 COMPRESSION SET 

This test is intended to measure the ability of polymers to retain 
elastic properties after prolonged compression. The compression set 
for the prepared polyurethanes was measured according to the SS 903: 
Part A: 1969 and the test piece used was a cylindrical disc of 13.0 ± 

0.5 mm diameter which was compressed at 1000C for 24 hours. Then the 
compression set at constant strain (25%) was calculated as follows: 

Compression set at constant strain 
t - t _ 0 r 

- t - t o s 

where to = original thickness of the test piece 

x 100 

tr =-thickness of the 'test piece after recovery 
ts = thickness of spacer(4.73 ± 0.01 mm) 
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4.4.1 . Results. and Discussion 

Table 4.11 shows the values of compression set for some polyurethane 
elastomers. It can be seen that as the amount of hard segment con
tent increases by using excess diisocyanate the compression set 
decreases. This is shown by comparing B142 (0.2% excess CHDI) with 
B148 (30% excess CHDI) in Polacure extended polyurethanes. It is 
generally concluded that higher crosslinked polyurethanes show lower 
compression set values. 
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TA6LE 4.8: Tear Strength of Polyurethane Elastomers based on 
Capa 225/CHDI/l,4-6D (a) and Capa 225/CHDI+l,4-CHDM (b) 
Systems 

Sample % Excess Tear Strength 
No CHDI (kN/m) 

Capa 17,1 2 127.15 

659 5 169.92 

660 10 153.43 

661 15 152.13 

662 20 160.65 

656 25 126.04 

663 30 130.34 

B64 35 134.99 

665 40 130.80 

666 45 129.98 

A'6 50 138.62 

ta) Samples of Capa 17,1 to A'6 

(b) Samples of Capa 18,6 to 681 

Sample % Excess Tear Strength 
No CHDI (kN/m) 

Capa 18,6 0.2 133.02 

674 5 162.15 

675 10 142.57 

676 15 145.70 

677 20 144.82 

678 25 145.18 

679 30 146.29 

B80 35 147.91 

681 40 148.33 
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TABLE 4.9: Tear Strength of Polyurethane Elastomers based on 
Capa 225/CHOI/Polacure (a) and Capa 225/PPOI/l,4-BO (b) 
Systems 

Sample % Excess Tear Strength Sample % Excess Tear Strength 
No CHOI (kN/m) 

B142 ';0.2 93.54' 
B143 5 118.48 
B144 10 148.73 
B145 15 153.65 
B146 20 158.14 
8147 25 156.04 
B148 30 160.42 

(a) Samples of B142 to B148 
(b) Samples of Bl18 to B125 

No PPOI (kN/m) 

B118 0 97.63 
B119 0.2 134.11 
B120 5 126.54 
B121 ' ' 10 128.51 
B122 15 146.37 
B123 20 128.09 
B124 25, 117.43 
B125 30 101.46 

TABLE 4.10: Tear Strength of Polyurethane Elastomers (Soft Series) 

Sample Polyol Oi i socyanate Chain Extender Tear Strength 
No (kN/m) 

Bl03 Capa 225 PPOI Oianol (22+33) 69.37 
Bl06 Capa 225 PPOI Oianol (22+33) 37.75 

+ TMP 
Bl08 Capa 225 PPOI TMP 33.02 
B131 Capa 240 + PPOI TMP 19.8 

Cap a 305 
(3/1 ) 

B155 Capa 231 CHOI Capa 305 31.28 

Rubber (NR/SBR)~ 56.02 
-~" 

* For formulation see Appendix 3, 
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TABLE 4.11: Compression Set of Polyurethane Elastomers 

Sample Polyol Oiisocyanate Chain Block Compression 
No Extender Ratio Set 

A5 Capa 225 CHOI Oianol 22 1 :2: 1 59.19 

A3 Capa 225 CHOI 1.4-CHOM 1 :2: 1 37.28 

03 Capa 225 CHOI 1.4-BO+ 1 : 2: 1 39.49 
Oianol 33 

M2 Capa 225 CHOI 1.4-BO+ 1:3:2 56.54 
Oianol 33 

Bl Capa 225 CHOI 1.4-BO 1: 3:2 62.21 

B79 Capa 225 CHOI 1.4-BO+ 1:3.9:2 35.0. 
1.4-CHOM 

B142 Capa 225 CHOI Polacure 1:3:2 57.5 

B148 Cap a 225 CHOI Polacure 1:3.9:2 51.6 

B151 Capa 225 CHOI Polacure+ 1:3.9:2 65.96 
Benzoflex 
(10%) , 

B153 Capa 225 MOl Polacure 1:3.9:2 94.62 . 

Bl03 Capa 225 PPOI Oianol 1:3.9:2 19.0 
(22+33) 

Bl08 Capa 225 PPOI TMP 1:3.9:2 8.5 

B133 Capa 225 CHOI TMP 1:3.9:2 8.5 

B155 Capa 231 CHOI Capa 305 1:3.9:2 14.36 

Rubber (NR/SBR)* 64.9 

* For formulation see Appendix 3. 
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4.S TENSION SET 

The tension set in polyurethane samples subjected to a constant 
elongation for a fixed length of time, was measured according to 
British Standard as 903: Part AS, 1958, at room temperature. 
Specimens used were of the dumbell type 2 and marked with 20 mm 
bench marks using a very fine ink pen. The samples were then exten
ded at a constant rate of 100 mm/minute to 300% extension on a JJ 

tensile testing machine. Samples were held at 300% extension for 
10 minutes and were then relaxed at the same speed and left to 
recover for another 10 minutes before the tension set was calculated. 
The tension set was determined after 10 minutes and 1 hour recovery 
time using the following formula: 

where ~o = original unstrained reference length 

~s = strained reference length 

~l = reference length after recovery 
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4.5.1 Results and Discussion 

The tension set of polyurethane elastomers which were measured after 
10 minutes and 60 minutes recovery time are given in Tables 4.12 to 
4.15. Results indicate that tension set decreases with increased 
amount of excess diisocyanates. This is shown in Table 4.12 by 
comparing B59 with B66 in Capa 225/CHDI/l,4-BD series and in Table 
4.13 by comparing B74 with B81 in Capa 225/CHDI/l,4-BD+l,4-CHDM 
based polyurethane elastomer. This effect is also illustrated by 
comparing Bl18 with B125 in Cap a 225/PPDI/l,4-BD based polyurethane 
elastomer (see Table 4.14). 

The relationship between tension· set and excess CHDI.in two different 
series of polyurethane elastcmers are shown· in Figure 4.6. Decreasing 
tension set fn crosslinked polyurethanes is thought to be due to their 
high elasticity. In contrast non-crosslinked PU samples exhibited 
considerably higher set values presumably because of plastic deforma
tion of hard segment domains or soft segment crystallization •. Poor 
domain structure and mixed hard and soft segments are two factors which 
would be anticipated to give low set by minimising plastic domain defor
mation and soft segment crystallization. 
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TABLE 4.12: Tension Set of Polyurethane Elastomers Based on Capa 225/ 
CHDI/l,4-BD with Molar Ratio 1/2/1 

Tension Set % 
Sample % Excess Relaxation Time (minutes) No CHDI 

10 60 . 

Capa 17,1 2 , . 45.8 43.3 

B59 5 43.3 40.8 

B60 10 . 41.6 38.3 

B61 15 38.3 36.6 

B62 20 36.6 35.0 

B56 25 35.0 33.3 

B63 30 35.0 31.6 

B64 35 35.0 31.6 

B65 40 35.0 30.8 

B66 45 33.3 30.8 

A'6 50 30.8 27.5 
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TABLE 4.13: Tension Set of Polyurethane Elastomers Based on Capa 225/ 
CHOI/l,4-BO + l,4-CHOM with Molar Ratio 1/3/2 

. 

. Tension Set % 
. 

Sample % Excess Relaxation Time (minutes) No CHOI 
10 60 . . 

A2 0 80.0 78.3 

Capa 18,6 I 0.2 45.0 43.3 

B74 5 45.0 43.3 

B75 10 43.3 41.6 

B76 15 41.6 40.0 

B77 20 40.0 38.3 

B78 25 3g.1 36.6 

B79 30 38.3 35.8 

B80 35 37.5 35.0 

B81 40 36.6 35.0 
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TABLE 4.14: Tension Set of Polyurethane E1astomers Based on Capa 225/ 
PPOI/1.4-BO with Molar Ratio 1/2/1 

. 

Tension Set % 

Sample % Excess Relaxation Time (minutes) 
No PPOI 

10 60 

B118 0 5B.3 56.6 
B119 0.2 45.0 43.3 
B120 5 45.0 43.3 
B121 10 41.6 40.0 
B122 15 41.6 40.0 
B123 20 40.8 40.0 . 
B124 25 38.3 36.6 
B125 30 31.6 30.0 
B125 35 30.8 30.0 

TABLE 4.15: Tension Set of Pd1yurethane E1astomers (Soft Series) 
, 

Tension Set % 

Sample'" % Excess Relaxation Time (minutes) 
No PPOI 

10 
.. - 60 

B103 30 .1.6 0.83 
B148 30 36.6 35.0 

" B153 30 28.3 25.0 
B138 30 0.80 0.50 

*See Table 2.4 for samples forma1ation. 
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4.6 DENSITY 

Density is the· mass of a unit volume of material. The density of a 
polymer may in some cases be critical to th~ Ultimate end use poten
tial since a polymer with a low density will, obviously, occupy more 
volume or cover more surface per mass than one of higher density. In 
any event, density can add to the basic understanding of the material 
in every instance. 

The Displacement Method is used to measure the density of the sample 
at room temperature (230C) according to Method S09A of BS 2872:1970. 
Fine wire is used for the suspension of the specimen and air bubbles. 
are removed by use of a minute quantity of detergent. Values of 
density are calculated according to the following formula: 

. W 
Density = W _lw x p 

. .12 

where W1 = weight of specimen in air 

~12 = wei ght of specimen in water 

p = density of the water, usually taken to be 1 kg/m3. 

4.6.1 Results and Discussion 

Table 4·.16 shows the results of density measurements which are calcu
lated in kg/m3 •. A slight increase in the density of l,4-BD and 
l,4-BD + 1.4-CHDM based polyurethanes is found by increasing amounts 
of excess CHDI into the polymer system. Relationship between density 
and percent~ge excess CHDI for these two series of polyurethane e1as: .. 
tomers is shown in Figure 4.7. 



TA8LE 4.16: Density Value of Polyurethane E1astomers 

Capa 225/CHDI/1,4-BD Capa 225/CHDI/l,4-BD Capa 225/PPDI/l,4-BD Capa 225/CHDI/Polacure Soft Polymer Series* 
based urethanes +1.4-CHDM based based urethanes based urethanes 

urethanes 

Sample Density Sample Density Sample Densi ty Sample Density Sample Densi ty 
No (kg/m3) No (kg/m3) No (kg/m3) No (kg/m3) No (kg/m3) 

Capa 17,1 1125.6 Capa 18,6 1126.38 B118 1158.36 ·8142 .. 1171.3 8155 1122.57 
B59 1126.9 B74 

. 

1132.60 . B119 1149.26 8143 1171.5 B133 1136.88 
B60 1127.2 B75 1133.93 B120 1146.30 B144 1172.8 B131 1149.72 

-B61 1129.2 B76 1134.76 B121 1146.49 B145 1176.9 B103 1170.43 
862 1129.4 B77 1139.40 B122 1148.02 B146 1174.3 8106 1167.79 
B56 1129.5 B78 1140.20 B123 1152.12 B147 1171.8 8108 1169.40 
B63 1130.8 879 1140.76 B124 1152.04 8148 1175.5 
864 1132.7 B80 1142.10 8125 1152.80 
865 1134.0 B81 1142.30 8126 1150.86 
866 1134.4 
A'6 1134.5 

. 

* For formulation see Table 2.4. 
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4.7 SKID RESISTANCE 

The skid resistance of some of the soft polyurethane e1astomers was 
measured with a portable 'Skid-Resistance' Tester* developed by the 
Road Research Laboratory. This is a pendulum device, the movement of 
which is arrested by the foot of the pendulum skidding on the surface 
to be measured. 

The results of these measurements are given in Table 4.17 for both 
dry and wet conditions. 

TABLE 4.17: Skid Resistance Data of Some Soft PU E1astomers 

Composition Condition 

Sample Po1yo1 Di i socyanate Chain Dry Wet 
No Extender % Damplng % Daniplng 

B103 Capa 225 PPDI Oiano1 11 9 

(22+33) 
B108 Capa 225 PPOI TMP 10 8 

B155 Capa 231 CHDI Capa 305 28 12 

NR/SBRla) 28 11 
. 

(a) Compositions are given in Appendix 3. 

* Wessex Engineering and Meta1craft Co Ltd 



242 

4.8 DETERMINATION OF INTERNAL HEAT GENERATION AND RESISTANCE TO 
FATIGUE 

Fatigue can be defined as any change in the properties of a material 
caused by prolonged action of stress or strain. In many products, 
notably tyres. it is the loss in strength shown by cracking and/or 
complete rupture which is considered to be the important aspect of 
fatigue and this is the measure of fatigue which is normally used in 
laboratory tests on rubber. The manner of breakdown will vary accor
ding to the geometry of the component. the type of stressing or 
straining and environmental conditions. 

4.8.1 Flex-Cracking and Crack Growth 

Flex-cracking is the formation of cracks on the surface of a rubber 
subjected to repeated cycles of deformation. This phenomenon occurs 
in the side wa 11 s of tyres and in the base of grooves in the tread. 
In the 'crack growth' (or 'cut growth') test, an initial cut or nick 
is made in the test piece. and measurements are made of its growth 
during repeated deformation until ultimately the sample fails by 
breaking. 

4.8.2 Experimental Procedure 

Fatigue life of some of the prepared polyurethanes was determined on 
a De Mattia-type machine* (see Figure 4.7) for resistance to f1ex
cracking and cut growth by using a special test specimen. The test 
piece. which was a rectangular strip of approximate dimensions 100 mm 
x 10 mm x 2 mm. was die cut from the cast sheet and fixed in two clamps 
which move towards each other to extend and bend the strip. Repeated 
extending and bending or flexing causes cracks to develop in bending-·. 
part of the surface where tension strains or stresses are set up during 
flexing or, if the bending part of the surface contains a crack or cut 
this causes it to extend in a direction perpendicular to the strain or 

* H W Wa1lace and Co Ltd., Croydon, England. 



243 

stress. The apparatus is operated at 300 cycles/minute and the 
tests are continued until complete failure of the test pieces occurs 
and then the number of cycles is recorded. Tests are made at a 
number of extensions for crack propagation and compounds are compared 
in terms of fatigue life at the same strain. 

Initial cracks in the test piece are produced by piercing a 2 mm long 
cut at a mid-point perpendicular to the longest side and equidistant 
from the sides, using a suitable cutter and jig. The cut is accom
plished by a single insertion and withdrawal of the tool. 

4.8.3 Results and Discussion 

The results of the crack initiation and crack propagation tests by 
the De Mattia machine are given in Tables 4.18 and 4.19. As the 
results show the flex-cracking resistance of polyurethane elastomers 
based on the Capa 225/CHDI/l,4-BD + l,4-CHOM system decreases with 
increasing percent excess of CHOI. This is thought to be due to the 
higher modulus and lower extension at break ability of the more highly 
crosslinked polyurethanes, which have resulted from the use of excess 
diisocyanate. A similar trend of decreasing fatigue life is observed 
in the crack propagation test series, so both crack initiation and 
crack propagation resistance dec~ease with increasing crosslinking 
which occurred due to the use of the excess diisocyanate. 

Figure 4.9 shows the relationship between fatigue life and percentage 
excess CHOI and also percentage applied strain of these PU elastomers 
for both the flex-cracking and cut growth tests. It is found through 
the Figure 4.9(c) that the relationship between fatigue life and 
applied strain is similar to the 'Wohler curve'. The important feature 
of this curve }s that on reducing the stress or strain towards a pa;~' 
ticular value,the fatigue life increases virtually to infinity giving 
rise to the concept of a limiting fatigue life and an ultimate failure 
strength or deformability. 
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Internal heat generation of the Capa 225/CHDI/1.4-BD + 1.4-CHDM based 
polyurethane e1astomer was measured on the De Mattia-type machine by 
using a contact flat thermocouple head during the flex cracking resis
tance measurements. Temperature was recorded by a Comarck electric 
thermometer at time intervals which varied depending on the rate of 
temperature rise. The results are given in Tables 4.20-4.21 and 
Figures 4.10-4.11. Table 4.20 shows the results of heat generation 
of polymers subjected to 100% applied strain and Table 4.21 gives the 
results at 150% applied strain. 

Figures 4.10 and 4.11 show the effect of using various levels of excess 
diisocyanate and also the percentage applied strain on heat generation 
of these PU e1astomers. It can be seen that the heat generation of 
these polymers increases with both increasing percentage excess diiso
cyanate or the percentage applied strain e.g. the increase in tempera
ture for a polymer with 0.2% excess CHDI at 100% strain was 200C and 
this increased to 290C for a 30% excess CHDI containing polymer. Also 
the increase in temperature for the polymer containing 30% excess 
CHDI is about 290C at 100% applied strain and this increases to about 
370C at 150% applied strain. Figures 4.10 and 4.11 also show that the 
temperature of polymers sharply increases during the first five minutes 
of flexing and then stays approximately constant or show only a small 
change as flexing time continues. 
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-- Upper grip-........ 

1 

(c) 

(a) 

Lower grip 

FIGURE 4.8: De Mattia-Type Machine: 
a) Sample shown in its original form unstressed 
b) Sample under. strain 
c) Sample under stress 
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TABLE 4.18: Flex-cracking Resistance of Polyurethane Elastomer Based 
on Capa 225/CHDI/l.4-BD + 1.4-CHDM with Molar Ratio of 
1/3/2 at 100% Strain 

Sample No % Excess CHDI Kilocycles to Failure 
at 100% Strain 

Capa 18.6 0.2 365 
B74 - 5 340 
B77 . 20 200 
B81 40 30 

. 

TABLE 4.19: Crack Propagation Resistance of Polyurethane Elastomer 
Based on Capa 225/CHDI/l.4-BD + 1.4-CHDI1 with Holar 

. Ratio of 1/3/2 at 0%,10%,20% and 25% Strain 

Sample % Excess Number of Kilocycles to Failure 
No CHDI 0% Strain* 10% Strain 20% Strain 25% Strain 

Capa 18,6 0.2 1000 1515 210 1.1 
(no failure) (no failure) 

B74 5 11 1515 132 0.88 
(failed) 

B77 20 11 1070 - 0.5 
(failed) 

B79 30 11 72 3.6 0.2 
(failed) 

B81 40 11 13.4 1.8 0.05 
(failed) 

* At 0% strain the test was stopped after 1000 kilocycles 
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TABLE 4.20: Heat Generation Observed by Flexing of Polyurethane 
Elastomers Based on Capa 225/CHDI/l,4-BD + l,4-CHDM 
at 100% Strain 

t = 21 0C o 
. 

Time 
(mins) 

1 

2 

3 

6 

10 

20 
, 

30 

45 

60 

90 

. 

Capa 18,6 
(0.2% excess CHDr) 

t llt 

34 13 

38 17 

39 18 

40 19 

40 19 
~ 

40 19 

41 20 

41 20 

'41 20 

41 20 

B74 B79 
(5% excess CHDI) (30% excess CHDI) 

t llt t llt 

37 16 41 20 

38 17 46 25 

42 21 47 26 

43 22 47 26 

43 22 48 27 

44 23 49 28 

44 23 50 29 

44 23 50 29 

44 23 50 29 

44 23 50 29 
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TABLE 4.21: Heat Generation Observed by Flexing of Polyurethane 
E1astomers Based on Capa 225/CHOI/1,4-BO~ l,4-CHOM 
at 150% Strain 

B74 677 679 
(5% excess CHOI) (20% excess CHOI) (30% excess CHOI) 

Time 
(mins) t ~t t ~t t ~t 

. 

1 40 19 45 24 48 27 

2 44 23 48 27 54 33 

3 44.5 23.5 48 27 55 34 

4 45 24 49 28 56 35 

10 47 26 50 29 57 36 

15 47 26 50 29 58 37 
. 

20 47 26 50 29 58 37 

30 48 27 50 29 58 37 

65 48 27 50 29 58 37 

.-
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4.9 HYSTERESIS 

4.9.1 Introduction 

In service conditions, an elastomeric material may be required to with
stand repeated deformation without significant loss in performance. A 
typical example is .to be found .in tyre applications where e1astomeric 
materials are subjected to a cyclic compressive deformation. When an 
elastomeric material is deformed and then allowed to regain its origi
nal state, a net amount. of work is performed on the material. This 
is shown in Figure 4.12 for an extension-retraction cycle. On exten-. 
sion of the material (AB), the amount of work is equal to the area 
under the loading curve (ABO). On retraction of the material (BC), 
the amount of work performed is equal to the area under the unloading 
curve (CBD). This network performed on the material is therefore 
given by the area bounded.by the loading and unloading curves (ABCA) 
and this represents the energy dissipated as heat during the complete 
stress-strain cycle. The value of strain at which the unloading curve 
reaches zero stress (AC) is residual strain and represents a certain 
amount of permanent set in.the material. 

The aim of the present section was·to investigate the effect of the 
hard segment structure .as controlled by the use of excess diisocyanate, 
on hysteresis behaviour of polyurethane elasto.mers. 

4.9.2 Experimental Procedure· 

Hysteresis measurements of certain prepared polyurethane e1astomers 
were determined by subjecting samples to multiple stress-strain cycles. 
A JJ tensile testing machine (model T5002) was used with the crosshead 
speed of 100 mm/min and load cell of.500N. Test specimens were BS 
dumbells, type 2, die cut from cast sheets and measurements were made 
at room temperature. 
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For a meaningful comparison of the hysteresis behaviour of different 
polyurethanes all the samples tested in this section were subjected 
to a series of preconditioning cycles prior to measurement of the 
final _hysteresis cycle. Preliminary experiments showed the third 
and fourth cycles to-follow almost identical paths. On this basis, 
all samples were preconditioned at test temperature (230 C) by cycling 
three times to 300% of previously calculated elongation at break. 

The percentage hysteresis for a given cycle is calculated by the 
ra~io of the area bounded by the loading-unloading curves to the total 
area under the loading curve. To find the area bounded by the curve 
of the hysteresis, the weight by difference method was used. Accor
ding to this method-the area bounded by the hysteresis c~rve is cut 
out and weighed to 4 decimal places. Then a standard square of the 
paper used for recording the curves is cut out and weighed to form a 
standard. The area within the hysteresis loop was determined by using 
the following formula: 

, 
where Wl = weight of the area bounded-by hysteresis curve 

W
2 

= weight of standard cut out square 
El = hysteresis energy 
E2 = energy related to the standard cut out square. 

The hysteresis energies are expressed in joules per volume (m3 ) to 
make them available for comparison -purposes. 
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4.9.3 Results and Discussion 

Hysteresis results of these polyurethane elastomers are given in 
Tables 4.22 to 4.25. Here. cycle (l),and cycle (3) refer to the 
initial and final cycles at 300% of the elongation at break. The 
first three extension/retraction cycles for a typical CAPA 225/CHDI/ 
1,4-BD+l.4-CHDM based polymer are illustrated in Figure 4.13. It 
can be seen from the 'Tables 4.22-4.25 and also from the Figure 4.13 
that the greatest proportion of hysteresis loss occurs in the first 
cycle, and that the second and third cycles show very little diffe
rence in hysteresis loss. During the first cycle, a relatively high 

" stress is required for a given elongation and almost all the energy 
expended is retained in the ,restructured system. Second and third 
cycles undergo only minor restructuring of hard segments and there
fore the stress'required for a given elongation is reduced and the 
hysteresis loss is considerably lower. The high hysteresis loss in 
the first cycle is primarily associated with the high degree of 
structural reorganisation which takes place in the first cycle. 

Tables 4.22 and' 4.23 show that PU elastomers of higher hard segment 
content possess significantly greater net energy absorption e.g. com
pare B59 (5% excess CHDI) with B64 {40% excess CHDI)in the CAPA 225/ 
CHDI/l,4-BD polyurethane:series. Also compare B74 (5% excess CHDI) 
with B8l (40% excess CHDI) in the CAPA 225/CHDI/l.4-BD+l,4-CHDM poly
urethane series. 

"'This effect can be explained by the presence of larger domain struc
tures associated'with the longer hard segments. Dissociation of these 
domains and their subsequent formation into reorganised arrangements 
of hard segments could account for the higher'net energy absorp,tion 
observed. . 

Polacure based polyurethane (Table 4.25) shows higher hysteresis loss 
compared with the 1.4-BD+l,4-CHDM based PU elastomers (Table 4.23). 
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This might be due to the higher cohesive energy associated with the 

urea group present in Polacure ba.sed PUs whereas the l,4-BD+l,4-CHDM 

based PU elastomers predominantly have urethane groups and no urea 

groups. 
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TABLE 4.22: Hysteresis Properties of Polyurethane E1astomers Based 
on Capa 225/CHDI/l,4-BD with the block ratio 1/2/1 

Cycle (1 ) 
0 ~ z VI ~ ~ ~ 

VI M M M 0 
Q) Q) , , , 0 
~ u E E E ~ 

0. x~ . . 
...... "'LT E ...... Cl 'J 'J 'J 

'" :c _ .~ ::E O::E "'::E 
VI ~<...) ....... ~ ...... ~ ...... ~ ~ 

Capa 17,1 2 15.26 2.81 12.44 81.52 

B59 5 15.17 2.95 12.21 80.48 

B60 10 16.38 2.99 13.39 81.74 

B61 15 17.17 2.74 14.43 84.04 

B62 20 17.18 3.03 14.15 82.36 

B56 25 19.19 3.51 15.67 81.65 

B63 30 18.83 3.56 15.26 81.04 

B64 35 20.93 3.66 17.27 82.51 

B65 40 23.16 3.97 19.19 82.85 

B66 45 22.71 3.82 18.90 83.22 

A'6 I 50 21.63 3.74 17.88 82.66 

Key: E; = energy absorbed on.extension 

Eo = energy released on retraction 

Cycle (3) 
~ 

~ ~ ~ 

M M M 0 , , , 0 
E E E ~ . . . ~ 

'J 'J 'J '" I .~ .~ ::E l.LJ°O "'::E ...... ...... ...... ~ ...... ~ ~ 

5.33 2.81 2.51 47.09 

5.55 2.91 2.59 46.66 

5.81 2.99 2.82 48.53 

6.35 3.27 3.07 48.34 

5.99 3.03 2.96 49.41 

6.52 3.51 3.01 46.16 

6.65 . 3.56 3.08 46.31 

7.01 3.66 3.34 47.64 

7.56 3.97 3.59 47.48 

7.82 3.82 4.01 51.27 

7.26 3.74 3.51 48.34 

Ea . = . net energy absorbed on complete cycle 
E 

(Ea)100 = % energy absorbed in complete cycle, i.e. % hysteresis 
i " 
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TABLE 4.23: Hysteresis Properties of Polyurethane E1astomers Based on 
Capa 225/CHDI/1,4-BD+1,4-CHDM with the block ratio 1/3/2 

- Cycle (1 ) Cycle (3) 
Cl 
:I: 
U ~ ~ 

"" "" CIl ~ ~ ~ ~ ~ ~ ~ ~ 

CIl '" '" '" '" '" CV) 
QJ QJ I I I 0 I I I Cl 
~ u E E E 0 E E E 0 
c. x . ~ . ~ 

E ...... ..., ..., ..., ~ ..., ..., ..., ~ 

<00 .~ :E O:E <o:E <0 la '~:E O:E <o:E ...... "'~~ VIZ "" ...... ~ ...... ~ ...... ~ bJ ...... ~ ...... ~ LLI ~ 
~ ~ 

Cap a 18,6 0.2 21.36 3.10 18.26 85.48 ,6.28 3.10 3.18 50.63 

B74 5 21.00 2.87 18.12 86.28 6.29 2.87 3.42 54.37 

B75 10 22.05 3.10 18.94 85.89 6.83 3.10 3.73 54.61 

B76 15 22.37 2.85 19.52 87.25 6.50 3.43 3.65 56.15 

B77 20 22.62 3.55 19.07 84.30 7.05 3.55 3.49 49.50 

B78 25 24.48 3.62 20.85 85.17 7.61· 3.62 3.99 52.43 

B79 30 25.45 3.56 21.89 86.01 7.76 3.56 4.19 53.99 

B80 35 26.27 3.63 22.63 86.14 7.96 3.63 4.33 54.39 

B81 40 ·27.43 3.77 23.65 86.22 8.22 3.77 4.45 54.51 

Note: Key as in Table 4.22 
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TABLE 4.24: Hysteresis Properties of Polyurethane E1astomers Based 
on Capa 225/PPDI/1,4-BD with the block ratio 1/2/1 

.... - Cycle (1 ) Cycle (3) 
QJ Cl 

..0 a.. ~ ~ E a.. .... ... :J ~ ~ ~ ~ ~ 
Z tJl ~ ~ ~ M M M C> tJl M M M C> I I I C> QJ QJ I I I C> E E E ~ 
~ u E E E ~ . . ~ 
0- X . ~ ..., ..., ..., 

ILI"'~~ E ILl ..., ..., 
C\1:€ ILI"'L.;~ .~ ::E: O::E: "'::E: 

'" .~ ::E: O::E: ILl ~ ILl ~ ILl ~ ~ 

Vl ... ILl ~ ILl ~ ILl ~ ~ 

Bl18 0 17.76 2.47 15.28 86.03 4.33 2.47 1.86 42.95 

B119 0.2 16.88 2.84 14.03 83.11 5.00 2.90 2.10 42.00 

B120 5 19.23 2.76 16.46 85.59 5.76 3.28 2.48 43.05 

B121 10 18.78 2.44 16.33 86.95 5.45 2,75 2.70 49.54 

B122 15 18.68 3.29 15.39 82.38 .5.75 3.40 2.45 42.61 

B123 20 17 .86 3.16 14.70 82.30 5.94 3.16 2.77 46.63 

B124 25 19.21 3.27 15.94 82.97 5.94 3.27 2.67 44.95 

B125 30 16.79 3.68 13.10 78.02 6.47 3.68 2.79 43.12 

B126 35 16.51 3.41 13.09 79.28 6.43 3.41 3.01 46.81 

Note: Key as in Table 4.22 
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TABLE 4.25: Hysteresis Properties of Polyurethane Elastomers Based on Capa 225 with Different Diisocyanates and Chain 
Extenders (see Table) with a Block Ratio of 1/3/2 

Sample % Excess ~iiso- . Chain Cycle (1) Cycle (3) 
No Diiso- cyanate Extender t,. Eo t.a (~a)lOO(%) Eo 1:.0 I:.a (~a)lOO(%) cyanate (MJ.~-3) -3 (MJ.m-3) 

,13 
(MJ.m -3) (MJ.-3) (MJ.m. ) c (MJ.m- ) c 

B103 30 PPDI Dianol 5.80 3.60 2.20 37.93 4.70 3.60 1.10 23.40 
~22+33) 
1/1 ) 

B138* 30 MOl 1.4-BD 5.46 4.26 1.20 21.9B 4.85 4.26 0.58 11 .96 

B148 30 CHDI Pol acure 36.65 3.75 32.90 89.76 8.98 3.75 5.23 58.24 

B153 30 MOl Polacure 34.27 4.65 29.6L 86.40 13.44 4.65 8.79 65.40 
. 

* With block ratio of 1/2/1 

Note:' Key as in Table 4.22. 

~ 
c 
c 
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4.10 HEAT AGEING OF POLYURETHANE ELASTOMERS 

4.10.1 Introduction 

The ageing of rubber and rubber-like polymers has been the subjec.t of 
study for many years. It is generally agreed that oxygen attack 'i s 

. 95 . 
the chief cause of the degradation of rubber compounds and the rate 
of ageing or degradation does however vary very widely depending 
upon the conditions and circumstances prevailing and also upon the 
compounding of the stock. 

·Various methods have been developed to provide information on the 
stability of rubber and rubber-like polymers against oxidative 
degradation. One of these methods, which has a good fundamental 
basis, is oxidative hot air oven ageing which is well documented for 
specification and evaluation purposes.162.' 

Heat ageing of polyurethanes is taken to mean the effect of elevated 
temperatures on the polymer for prolonged periods but heat ageing 
tests are carried out for two distinct purposes. First, they are 
intended to measure changes in the e1astomer at the elevated service 
temperature and second they can be. used as an accelerated test to 
estimate the degree of change which would take place over a much 
longer time at normal ambient temperature. The degree to which 
accelerated tests are successful in predicting long term life at 
ambient temperature is highly debatable but nevertheless such tests 
are very widely used in specifications and as·a quality control test. 

4.10.2 Experimental Procedure 

The dry heat ageing of these experimental cast polyurethane e1asto
mers was carried out using a cell type ageing oven at 1500C for 3, 
7, 14 and 21 days. The cell type of oven is preferred because it is 
possible to comparatively age polymers of different compositions sim
ultaneously in the same oven • 

• 
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Test pieces in the form of dumbelltype 2 .of BS 903: Part A2: 197.5 
were used and aged by means of a Wa11ace-ce11 ageing block kept at 
1500C with a constant rate of new air flow over the.specimens. 
Losses in physical properties by hot air. oven ageing was used to 
measure the degree of polyurethane e1astomer deterioration. Test 
results were expressed as a percentage of change in the properties 
against ageing time according to the following formula: 

P - P 
Change in property = pox 100 

o 

where Po = initial property'of specimen 
P = property of specimen after heating. 

4.10.3 Results and· Discussion 

The results of the ageing behaviour of polyurethanes are given in 
Tables 4.26 to 4.29. Table 4.26 illustrates the original and the 
percentage change in tensile properties of the polyurethane e1asto
mer series based on Capa 225/CHDI/1,4-BD at the block ratio of 1/3/2 
with different levels of excess CHDI. The following observations 
were obtained: there was a decrease in tensile strength and elonga
tion at break for the polyurethane e1astomers with respect to air 
ageing at 1500C. There was a1so.observed a decrease in the 100% and 
300% modulus with increasing ageing time. 

Table 4.7 illustrates the percentage change in physical properties 
with'po1yurethane e1astomers based on Capa 225/CHDI/l,4':SD+1,4-CHDM. 
It can be seen that there is a., continuous decrease in modulus, tensile 
strength and elongation at break at 1500 C with increasing ageing time., 

It is interesting to note that a pronounced improvement in heat ageing 
can result from an antioxidant addition; this is observed in polyure
thanes based on Capa 225/CHDI/1,4-BD+1,4-CHDM (compare B79with B79*., 
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in Table 427). About 0.1% by weight of antioxidant (Irganox** 1010) 
was used in the case of the sample B79*. 

The heat ageing properties of polyurethane elastomers based on 
Capa 225/CHDI or PPDI/l,4-BD with the block ratio of 1/2/1 are given 
in Table 4.28. There is a continuous decrease in tensile strength, 
elongation. at break' and modulus (100% and 300%) with increasing ageing 
time at the temperature of 1500C. PPDI based polyurethanes exhibit 
better resistance to ageing than CHDI based polyurethanes. 

Table 4.29 shows heat ageing properties of the soft series of poly
urethane elastomers. It can·be seen that there is a decrease in ten
sile strength for the period of 3 days at 1500C followed by an increase 
with increasing ageing time. A continuous increase in elongation at 
break also occurs with increasing ageing time. The modulus is also 
decreased throughout the ageing periods at 1500C. 

No significant change in hardness was observed in the polyurethane 
elastomers except for the sample B131 (with Capa 240 in polymer back
bone). In this case the crystallisation occurred after ageing and 
the polymer became very hard increasing to about 100 Shore A compared 
with its original hardness of 73 Shore A. 

The original colour of all.the·samples changed throughout the ageing 
-

periods and became darker and darker with increasing ageing time. The 
results are presented in Figures 4.15-4.19. 

Figure 4.15 shows the effect of ageing time on the Capa 225/CHDI/l,4-BD 
based PU elastomer with block ratio of 1/3/2. Numbers l~ represent 
the effect ·of ageing time (0-21 days) on polymers containing 5% excess 

* B79 with 0.1% antioxidant 
** Ciba-Geigy, Industrial Chemical Division, Manchester 
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CHDI and numbers 6~10 shows the effect of ageing time on polymers 
with 30% excess CHDI. It can be seen from the figure that as the 
amount of excess CHDI used increases the change of colour obviously 
increases. Similar results are also observed for the Capa 225/CHDI/ 
l,4-BD+l,4-CHDM based polyurethanes (see Figure 4.16). In this 
figure numbers 11~15 and 3l~35 represent the effect of ageing time 
(0-21 days) on polymers containing 0.2% and 30% excess CHDI respec
tively. As seen in this figure, the colour change-in polymers with 
higher amounts of excessCHDI·is more significant than polymers con
taining lower amounts of excess CHDI. 

Figure 4.17. shows the effect of ageing. time at1500C on the Capa 225/ 
CHDI/Polacure based PU elastomer. Numbers 4l~5 represent polymer 
with 0.2% excess CHDI and numbers 46~50 shows the polymer with 30% 
excess CHDI. In this series of PU elastomers the change of colour 
obviously decreases with increasing percentage of excess diisocyanate. 
Figure 4.18 illustrates the effect of ageing time at 1500C as a com
parison between diol and diamine cured polyurethane elastomers •. It can 
be seen from this figure that the amount of excess used CHDI has diff
ering.effects on the colour stability of diol and·diamine type polyure
thanes. In diol extended polyurethanes (l,4-BD and l,4-BD+l,4-CHDM 
based) the change of colour increases with increasing excess of the 
CHDI used while in·diamine extended polyurethane (Polacure based) it 
decreases with increasing excess of CHDI. This effect might be due 
to greater intermolecular bonding in diamine based polymers and there
fore their higher·stability during ageing in· respect of diol based 
polyurethane-elastomers. 

The effect of ageing time at l500C on the soft polymer series is also 
shown in Figure 4.19 and represents two different polymers based on 
Capa 23l/CHDI/Capa 305 (numbers 5l~55) and Capa 225/PPDI/Dianol (22+33) 
+TMP (numbers 5~0) respectively. In this series of PU elastomers, 
as in the other series, the change in original colour increases with 
increase of ageing time and after 21 days of ageing at l500C the ori-
ginal colourless sample changed· to a black coloured sample (see Figure 4.19). 



TABLE 4.26: Heat Ageing Properties of Polyurethane Elastomer Based on Cap a 225/CHDI/l,4-BD with Block Ratio of 1/3/2 
at 1500C ' ' 

" 

Ageing Time 
Tensile Sample % Excess Unaged 3 days 7 days 14 days 21 days Proper- No CHDI 
ties Value Value % Change Value % Change Value % Change Value % Change 

, 

Ul timate B84 5 32.8 18.73 ' -42.8 12.63 -61.5 10.86 -66.9 9.55 -70.8 
Tensile B85 ' 10 44.46 24.95 -43.8 15.61 -64.8 13.64 -69.3 10.61 -76.1 
Strength B86 25 55.0 29.52 -46.3 20.07 -63.5 16.54 -69.9 15.56 -71.7 
(MPa) B87 30 52.73 ' 30.38 -42.3 20.09 -61.9 19.75 -62,S 15:88 -70.0 

r-------------------r----------1'-------. 10 ______ --- ----------- ------- ----------- -------- ----------- ------- -----------
Elonga- B84 5 600 450 -25 270 -55 220 -63 160 -73 
tion at B85 10 720 480 '-33 310 -57 290 -59 150 -79 
break B86 25 675 480 -28 340 -49 290 -57 250 -62 
(%) B87 30 630 460 -27 460 -27 375 -40 280 -55 

---------- --------~-r---------- ------_. ---------- ----------- ------- ----------- - .. ------ ----_ .. _---- ------- -----------
100% B84 5 10.95 10.95 -2.7 10.28 -6.1 9.55 -12.7 ',8.99 -17.9 
Modulus B85 10 11.80 11.70 -0.8 11.47 -2.8 10.77 -8.7 ' 10.07 -14.6 
(MPa) B86 25 14.24 14.04 -1.4 13.20 -7.3 12.36 -13.2 12.07 -15.2 

B87 30 14.38 14.29 -0.6 11.27 -7.7 12.55 -12.7 12.31 -14.4 
~--------- ---------r---------- -------- ---------- ----------- ------- ----------- -------- ----------- ------- -----------

300% B84 5 17 .49 14.87 -14.9 - - - - - -
Modulus B85 10 19.18 18.03 -5.9 15.52 -19.0 - - - -
(MPa) B86 25 25.41 20.52 -19.2 18.83 -25.9 - - - -

B87 30 27.39 22.62 -17.4 19.84 -27.5 17.20 -37.2 - -
, 



TABLE 4.27: Heat Ageing Properties of Polyurethane E1astomers Based on Capa 225/CHDI/l,4-BD+1,4-CHDM with Block Ratio of 
1/3/2 at 1500C 

Tensile Sample % . . 
Ageing Time 

Proper- . No Excess Un aged 3 day~ 7 days 14 days 21 days ties CHDI 
Value Value % Change Value % Change Value % Change Value % Change 

Capa 18,6 0.2 35.84 21.52 -39.9 14.37 -59.9 18.43 -62.5 - -
B74 5 49.27 25.70 -47.8 15.53 -68.4 15.23 -69.2 14.06 -71.4 

Ultimate B75 10 56.74 30.25 -46.6 25.47 -55.1 17.94 -68.3 15.42 -72.8 
Tensil e B76 15 56.91 - - 24.80 -56.4 20.77 -63.5 18.50 I -67.5 
Strength B77 20 55.89 36;24 -35.1 26.07. -53.3 17.73 -68.2 14.35 -74.3 
(MPa) 878 25 57.:-4 - - 23.69 -58.7 20.70 -63.9 17.02 -70.3 

B79 30 62;45 42.26 -32.3 . 28.28 ~54.4 21.32 -65.B 17.77 -71.5 
B79* 30 54.00 " 

,,- , 38:29 -29.0 - - 23.03 -57.3 
B80 35 54.82 

. - - 24.62 -55.0 18.68 -65.9 16.20 -70.4 
B81 40 54.46 31.17 . -42.2 22.56 -58.5. 19.98 -63.3 14.13 -74.0 

----------- ---------- ____ M_MM. .---------~-------- ---------- .------- ---------- --------- ---------_ .. ~--------- -----------Capa 18,6 0.2 665 490 -26 390 -41 380 -42 - -
E10nga- B74 ~5 790 540 -31 480 -39 470 -40 450 -43 

B75 10 705 550 -21 520 -26 400 -43 350 -SO tion B76 15 715 - - 510 -28 ··490 -31 450 -37 at B77 20 675 560 -17 500 -26 380 -43 330 -51 Break B78 25 650 - - 380 -41 430 -33 350 -46 (%) B79 30 620 560 -9 490 -20 400 -35 350 -43 
B79* . 30 590· . ::. .. 570 .. ~3 ,~ . .- " . - 470 -20 .. 
B80 35 560 - - 380 -32 280 -50 250 -SS 
B81 40 515 400 -22 370. -28 350 -32 200 -61 

. 

/Continued 
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TABLE 4.27: continued 

Capa 18,6 0.2 10.58 . 10.01 
100% B74 5 12.05 10.5 . 
Modulus B75 10 12.45 11.22 
(MPa) B76 15 12.25 -

B77 20 12.62 12.00 
B78 25 12.94 -
B79 30 14.36 13.26 

. B79* 30 13.11 .-
B80 35 14.80 -
B81 40 16.01 . . 13.73 

fo-----------1---------- -------- ----------1----------
Capa 18,6 0.2 15.21 14.46 

300% B74 5 19.59 15.84 
Modulus:; B75 10 22.54 18.03 . 

(MPa) B76 15 22.03 -
B77 20 23.34 20.16 
B78 25 24.88 -
B79 30 ·28.29 22.44 
B79* 30 25.08 .. 

.. B80 35 28.84 -
B81 40 31.40 23.90 

* B79 with 0.1% Irganox 

-5.4 9.31 -12.0 
-12.B 9.66 -19.8 
-9.8 10.31 -17.2 
- 11.04 -9.8 

-4.9 11.11 -11.9 
- 12.28 -5.1 

-7.6 12.05 ..;16.0 -. 11.94 -8.9 - 12.98 -12.3 
-14.2 12.85 -19.7 

-.------- -------- --------_. 
-4.9 13.30. -12.5 

-19.1 13.80 -29.5 
-20.0 15.70 -30.3 

- 17.00 -22.8 
-13.6. 17.22 . -26.2 

- 19.65 -21 .0 
-20.6 18.72 -33.8 

.;' - 20.01 "20.2 
- 20.77 -27.9 

-23.8 20.56 -34.5 

8.69 -17.8 
8.75 -27.4 
9.73 -21.8 . 
9.89 -19.2 

10.40 -17.6 
10.55 -18.4 
11.06 -22.9 .. -
12.01 -18.8 
11.91 -25.6 

--------- -----------
11.66 -23.3 
11 .90 -39.2 
14.13 -37.3 
14.63 -33.6 
15.0 -35.7 
15.85 -36.3 
16.55 ~41.5 

.,- -- -
18.05 -42.5 

-
8.5 
9.64 
9.68 
9.67. 

10.28 
10.95 
10.78 
11.64 
11.91 

---------
-

11.52 
14.07 
14.09 
13.70 
15.42 
16.19 
16.63 
--

-
-29.4 
-22.5 . 
-20.9 
-23.6 
-20.5 
-23.7 
-17 .7 
-21.3 
-25.6 

--------
-

-41.2 
-37.5 
-36.0 
-41.3 
-38.0 
-42.7 
-33.7 

--

N 
en 
00 



TABLE 4.28: Heat Ageing Properties of Polyurethane Elastomer Based on Capa 225/Diisocyanate/l,4-BD with block ratio 1/2/1 at 1500C 

. 

% Ageing Time 
Tensile . Sample Excess Diiso- \ 
Proper- Diiso-
ties No cyanate cyanate Unaged 3 days . 7 days 14 days 21 days 

Value Value % Change Value % Change Value % Change Value % Change 

B62 20 CHDI 56.56 20.54 -63.6 13.33 -76.4 12.82 -77.3 11.10 -80.3 
Ultimate B63 30 CHDI 60.97 20.90 -65.7 17.05 -72.0 15.17 -75.1 12.70 -79.1 
Tens ile B66 45 CHDI 54.20 23.59 -56.4 18.31 -66.2 12.5 -76.9 10.51 -80.6 
Strength B119 0.2 PPDI 54.B9. 46.84 -14.6 - - 28.40 -48.2 25 -54.4 

(MPa) B122 15 . PPDI 50.67 35.02 -30.8 34.69 -31.5 30.23 -40.3 25.62 -49.4 
B123 20 PPDI 51.6 38.36 -25.6 36.73 -28.8 33.63 -34.8 30.76 -40.3 
B125 30 PPDI 56.59 38.21 -32.4 . 35.43 -37.4 30.34 -46.4 25.17 -55.5 

. , ----- ... ---r--------- ---------- -------- ---------- -------- --------- ---------- -------_ .. - .. - .. _---- ---------- -------_. -----------
B62 20 CHDI 750 570 -24.0 480 -36.0 460 -38.6 400 -46.6 

Elonga- B63 30. CHDI 715 480 -32.8 460 -35.6 440 -38.4 370 -4B.2 
B66 45 CHDI 580 460 -20.6 400 -31 .0 280 -51 .7 220 -62.0 

tion at Bl19 0.2 PPDI 720 700 -2.7 - - 690 -4.1 690 -4.1 break B122 15 PPDI 640 630 -1.5 620 -3.1 610 -4.6 600 -6.2 
(%) B123 20 PPDI 645 640 -0.7 630 -2.3 580 '-10.0 560 -13.1 

B125 30 PPDI 600 580 -3.3 570 -5.0 560 -6.6. 550 -8.3 
.--------1---------- ---------- -------_. ---------- -------- --------_. ---------- --------- --------_. ---------- r-------- -----------

B62 20 CHDI 10.61 8.29 -21.8 7.28 -31 .3 6.85 -35.4 6.34 -40.2 

100% B63 30 CHDI 11.52 9.06 -21.3 8.52 -26.0 7.85 -31.8 7.46 -35.2 
B66 45 CHDI 13.12 10.46 -20.2 9.77 -25.5 8.79 -33.0 8.4 -35.9 

Modulus B119 0.2 PPDI lL06 8.76 -20.7 -. - 8.58 -22.4 8.01 -27.5 

(MPa) 
B122 15 PPDI 10.39 8.85 -14.8 8.74 -15.8 8.60 -17.2 8.50 -18.1 . 
B123 20 PPDI 10.82 9.71 -10.2 9.57 -11 .5 9.40 -13.1 9.11 -15.8 
B125 30 PPDI 10.1 g 8.58 -15.8 8.43 -17.2 8.37 -17.8 8.27 -18.8 

/Continued •....••• 



TABLE 4.28: Continued 

300% B62 20 CHDI 18.82 12.72 -32.4 10.9 -42.0 10.12 -46.2 9.32 -50.4 
Modulus B63 30 CHDI 20.79 14.60 -29.7 12.79 -38.4 11 .92 -42.6 9.50 -54.3 

B66 45 CHDI 25.57 16.71 -34.6 14.84 -41.9 - - - -
(MPa) Bl19 0.2 PPDI 18.67 13.86 -25.7 - - 13.21 -29.2 12.17 -34.8 

B122 15 PPDI 18.04 13.93 -22.7 14.10 -21.8 12.84 -28.8 13.17 -26.9 
B123 20 PPDI 19.52 15.34 -21.4 14.66 -24.8 13.66 -30.0 13.09 -32.9 
B125 30 PPDI 21.06. 15.52 -26.3 14.11 -33.0 13.60 -35.4 12.58 -40.2 



TABLE 4.29: Heat Ageing Properties of Soft Series Polyurethane Elastomer at 1500C 

-" 

. Ageing Time , 

Tensile Sample' Polyol Diiso- Chain 
Properties No cyanate Extender 3 days 7 days 14 days 21 days 

Un aged 
Value % Change. Value % Change Value % Change 'Value % Change 

B103 Capa 225 PPOI Oianol 31 .61 - - 15.66 -50.4 - - 16.46 -47.9 
Ultimate (22+33) 
Tensile Bl06 11 PPOI Oianol 13.22 8.72 -34.0 17.59 +33.0 18.98 +43.5 21.06 +59.3 
Strength (22+33) 
(MPa) 

Bl08 
+TMP 

11 PPOI TMP 12.45 - - 8.22 -33.9 10.14 -18.5 12.63 +1.4 
B13l Capa 240+ PPOI TMP 15.56 10.21 ,-34.~3 22.47 +44.4 22.61 +45.3 23.83 +53.1 

Capa 305 
B155 Capa 231 CHOI . Capa 305 19.13 14.43 -24.5 14.80 -22.6 23.00 +20.2 25.00 +30.6 

Bl03 Capa 225 PPOI Oianol 440 - - 500 +13.6 - - 570 +29.5 
(22+33) . 

Elongation Bl06 11 PPOI Oianol 200 220 +10 290 +45.00 295 +47.5 330 +65.00 
at (22+33) 
Break +TMP 
(%) Bl08 11 PPOI TMP 120 - - 125 +4.1 140 +16.6 160 +33.3 

B131 Capa 240+ PPOI TMP 165 170 +3.0 230 +39.4 250 +51.5 260 +57.5 
Capa 305 

B155 Capa 231 CHOI Capa 305 220 300 +36.3 350 +59.0 370 +68.1 380 +72.7 

/continued •••• 



TABLE 4.29: continued 
. 

B103 Capa 225 PPDI Diano1 3.04 - - 3.01 -0.98 - - 2.07 -31.9 
100% (22+33) 
Modulus B106 " PPDI Diano1 4.87 3.25 -33.4 3.53 -27.5 3.83 -21.3 3.58 -26.4 
(MPa) (22+33) 

. +TMP 
B108 Capa 225 PPDI TMP 8.58 - - 6.90 -19.5 6.82 -20.5 6.48 -24.4 
B131 Capa 240+ PPDI TMP 6.45 4.49 -30.3 4.81 -25.4 15.17 +135.2 16.04 +148.6 

Capa 305 
B155 Cap a 231 . CHDI Capa 305 7.56 3.60 -52.3 2.86 -62.1 2.85 -62.1 3.33 -55.9 

B103 Capa 225 PPDI Diano1 10.86 . - - 5.59 ' -48.5 - - 4.45 -59.0 

300% . B106 " 
(22+33) 

PPDI Diano1 - - - - - - - 15.25 -
°Modu1 us (22+33) 
o(MPa) 

B108 
+TMP 

" PPDI TMP - - - - - - - --
B131 Capa 240+ PPDI TMP - - - - - - - - -
8155 

Capa 305 
Cap a 231 CHDI Capa 305 - 14.43 - 11.44 - 12.95 - 14.53 -
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Increasing age i ng time 

21 days 14 days 7 days 3 days o days 

• 
(a) 

.. '" .. 11..1. I!!. .... .... .." .... .... .... .. .. !!!!l 11 nv.mnmrmnm 
50 60 70 BD BD 100 110 120 13 

• 
(b) 

. I I III III I 11/ I I. II I I. III I!I Ill.: ,I!! I I .. I III I. I I I!! . ! I!! I!! !ll !ll! Inn rm Iltnlll 
[50 60 70 80 90 100 110 120 13C 

FIGURE 4.15: Effect of ageing t i me on 1,4-80 based PU e1astomer at 150 · C: 
(a) with 5% excess CHOI; (b) wi th 30% excess CHOI 
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Increasing ageing time 
.. 

21 days 14 days 7 days 3 days o days 

(a) 

!!! IH! 1/1! l! ! !!!P 11.1'·' ·1" L,.f' 'I·' !!~'!. \I f1. 11 !!11 . !!l11I!! \! I!!V!!!l1l1 \1 
50 60 70 80 90 100 110 120 130 

(b) 

!! ., '1" I'I'II!"! I' ·· ! I'!'! I'! . i I! ,!! I!·!! I!! .! I!!!! I! I!! llm fTITI11TTI11 .. .. m [1 
50 60 70 80 90 100 110 120 13 

FIGURE 4. 16: Effect of age ing t ime on 1,4-8D+l ,4-CHDM based PU elastomer 
at 150°C: (a) with 0.2% excess CHDI; (b) with 30% excess 
CHDI 
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Increas ing age i ng t ime 

21 days 14 days 7 days 3 days o days 

(a) 

(b) 

j. ll!!!·ILI! .. · .. !!I·!!!,· .. · .. !!I·! .. I .. ·! .. .. ! .. . I1TI!ll!l!I!!!!I'!!! I'!!!11 
50 60 70 80 90 100 110 120 131 

FIGURE 4 .17 : Effect of ageing ti me on Po1ac ure based PU e1astomer at 150°C: 
(a) with 0 .2% excess CHDI; (b) with 30% excess CHDI. 
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0.2% excess CHDI 30% excess CHOI 

days 

days 

days 

days 

days 

days 

days 

days 

days 

days 
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.. 

12mm'l1 
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FIGURE 4. 18: Compar i ng t he effect of ageing t ime on di ol and diamine 
cured polyurethanes at 150 °C: 
(a) 1,4-80+1 ,4- CHDM based polyurethane; 
(b) Polacure based polyurethane 
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Increasing age i ng time 

21 days 14 days 7 days 3 days o days 

(a) 

.! ·I!! ·· I!!!! I !!l ·I·· !! I· I! 1,!··:I!!· fir! !ll I!PI! n! I!! 111 !!llI!lll111~~mrm 1 
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(b) 

1111/1 !!I'''II''IlI.!!II!!I!!''!!I!. .. !!!I!I'' I! !llIlllqll! ]!1!1j1!1!I"1 1J 1 1 

50 60 70 80 90 100 110 120 13 

FIGURE 4.19: Effect of ageing time on soft polyurethane series at 150°C: 
(a) Capa 231/ CHDI / Capa 305 based PU; 
(b) Capa 225/FfDI / TMP+Diano1 (22+33) based PU 
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CHAPTER 5 

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 
FOR FURTHER WORK 

·5.1 DISCUSSION AND CONCLUSIONS 

The present research programme was initiated with the aim of esta
blishing a synthesis technique for the preparation of thermally 
stable polyurethane e1astomers, some of which could possibly be used 
as tyre materials. A summary of the research investigation and steps 
undertaken to establish this programme is given by means of a line 
diagram in Figure 5.2. 

In a preliminary investigation different polyurethane reactants were 
examined but the one chosen for detailed study was based on a 2000 
molecular weight polycaprolactone diol (Capa 225) and 1,4-trans. 
cyclohexane diisocyanate .(CHQI) prepo1ymer system •. Capa polyols, in 
general, were found appropriate for use in such polyurethane elasto
mers due to their high polarity increasing the intermolecular attrac- . 
tion and hence improving mechanical properties. 

Preliminary studies established that environmental contamination of 
the raw materials could be a problem and that these must be stored in 
air tight containers and also special precautions taken not to allow 
any moisture to come into contact with these materials which may lead 
to undesired side reactions. The quasi polymerisation method was 
found to be a suitable technique for the preparation of polyurethanes 
which involved the use of. high melting point chain extenders. Using 
this technique it was found possible to carry out a bulk polymerisa
tion at the normal PU reaction temperature range of 100-1300 C. 

All chain extenders, in general, exhibited high reactivity with the 
prepolymer systems investigated. The major problem faced in the syn
thesis of polymer was quick gelation (short pot life). This meant that 
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the rate of the reaction between chain extender and prepo1ymer was 
so fast that there was insufficient time for casting of the final 
polymer into a suitable test specimen sheet. This problem was over
come by the use of a new type of delayed action catalyst, dicarbo
buty10xy tin dich10ride, T220, which extended the pot life time 
sUfficiently for satisfactor,y casting of the polymers to be accom
plished. The use of such a catalyst was found essential to make 
satisfactory CHDI based polyurethanes. 

The·inf1uence of block ratio, type and structure of chain extenders 
and diisocyanates on' thermal stability of polyurethane e1astomers 
was investigated. An attempt was also made to investigate the role 
of excess diisocyanate calculated stoichiometrically on a block ratio 
basis on thermal stability of these PU e1astomers. Through this 
attempt a new method of producing polyurethane e1astomers resulted 
in materials that retained strength and elasticity at temperatures 
higher than was previously thought possible. In this process the 
initially fully formed PU contained a large excess of diisocyanate 
over the stoichiometric amount required to form the simple linear 
polyurethane. It was discovered that this excess of diisocyanate, 
which is apparently present in a suspended activity form in-situ in 
the initially formed PU, can be activated by means of a further heating 
cycle, or post cure, to give a PU possessing enhanced cross1inking. 
This. both substantially increases the initial physical properties of 
the PU and the maximum temperature at which thee1astomer will retain 
useful mechanical and engineering properties. A typical example of the 
property improvements possible is in the Capa 225/CHDI/1.4-BD PU of 
1/2/1 molar ratio where the initial tensile strength (UTS) of the linear 
polymer is 17.02 MPa and it has lost all its strength by 1200C; using 
a molar ratio of 1/2.04/1 (2% excess CHDI) raises the UTS to 43.8 MPa 
at ambient only to completely lose its strength at 1500C. If this pro.
cess is continued, then a molar ratio of 1/2.7/1 (35% excess CHDI) 
raises the UTS to 60.69 MPa and reasonable strength is retained until 
2100C. 
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It is considered that these enhanced physical properties and tempera
ture resistance are conveyed to the PU elastomerby formation of many 
isocyanurate crosslinks during the reaction and post-curing step. The 
scheme of isocyanurate modified urethane,elastomer preparation is shown 
in Figure 5.1. 

A feature possessed.by these isocyanurate crosslinked PU elastomers 
and considered important is that the crosslinks formed'are believed 
to be covalent and hence the resulting'polymer possesses no melting 
point or melting point range. At elevated temperatures of 2l0-2400C, 
and above, only a general softening and lowering of modulus occurs. 
This is considered important. for engineering applications where the 
sudden catastophic failure that accompanies the melting of many thermo
plastic type rubbers is unacceptable. 

A number of analytical. techniques were used to characterise the pre
pared urethanes and to study their structure and morphology •. These 
included infrared spectrosc'opy, differential scanning ca lorimetry, 
dynamic mechanical thermal analysis, X-ray and scanning electron 
mi cr:oscopy. 

The hydrogen bonding .in PU elastomers as measured by the IR technique 
was observed to lie between 50-60%., Isocyanurate crosslinking showed 
no marked variation in the extent of hydrogen bond formation. TMP 
extended polymers showed relatively. lower values of hydrogen bonding. 
which can be explained .. by considering them to. possess reduced inter
molecular attractive forces resulting. from spatial separation of chains 
due to theincreasedcrosslinking that results from the use of a tri
functional polyol. 

The crossl ink density of polyurethanes was measured experimentally 
using the swelling method and. it was found that the crossl ink density 
values of the polyurethanes significantly increased with either increa
sing the amount of excess diisocyanate in the original polymer or the 
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FIGURE 5.1: The Reaction Sequence Used for the Synthesis of Iso
cyanurate Modified Urethane Elastomer, Preparation 

HO ~ OH + OCN - Rl - NCO 

Linear polymeric 
glycol 

di i socyanate 

OCN - Rl - A ~A'- Rl - NCO 
Prepolymer 

+ HO 'VII\I\I\, OH 

short diol chain extender 

1. catalyst 

2. casting 
3. curing 

4. postcuring 
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presence of a trifunctional chain extension agent.i.e. TMP. It was 
also found that a higher crosslink density was ~~. present in 
diamine (Polacure) based polyurethane than in diol (l,4-BO or 
l,4-BO+l,4-CHOM) based materials. Samples with higher'block ratios 
also showed relatively higher .crosslink densities. 

X-ray studies showed all materials to be amorphous in the relaxed 
state with the presence of only a broad diffuse halo indicating the 
absence of crystallinity. However, on stretching the samples at 
approximately 300% extension, paracrystallisation of the polyester 
soft segment was observed. These X-ray results were found to be in 
agreement with the DSC results which showed no evidence of a sharp 
crystalline melting point. 

Surface morphology of polyurethane elastomers was studied by scanning 
electron microscopy (SEMI and the results showed that a systematic 
change in morphology of these polymers occurred with increasing amount 
of excess CHOI •. This is considered to result from increasing domain 
structure formation formed by aggregat·ion: of the hard segment units 
and their proportion gets higher as the amount of excess diisocyanate 
used increases. 

The DSC results showed significantly· higher transitions for PUs con
taining symmetrical ring structure type chain extenders and diisocya
nates. This gave further evidence of effective hydrogen bonding and 
the consequently increased domain formation in such polyurethanes. 
In particular, CHOI based urethanes showed. no evidence of short range 
order transitions. This suggested that in those materials the extent 
of hard/soft segment mixing is relatively low and that the greater 
hard segmen.t formation of CHOI based PUs resulted in segregated domai!l 
structures. An increase in the transition temperature was found with 
increase of excess CHOI, possibly associated with the increased thermal 
stability of the more bulky hard segment domains. Transition temperatures 
were also found to increase as the block ratio increased from 1/2/1 to 
1/3/2. 
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Thermal stability properties were measured by two complimentary 
methods those of tensile type measurements at elevated temperatures 
using a hot air environmental-chamber and also the dynamic mechani
cal thermal' analysis (OMTA) technique was used. 

The OMTA technique was found to be a rapid method for measuring the 
change in modulus over a wide range of temperature and the following 
conclusions are drawn from the results which have been obtained, from 
the OMTA experimental work: 

1. The effect of chemical structure of various diisocyanates on 
the thermal stability of the resulting polyurethane elastomers 
is found by comparing five different types of diisocyanates 
synthesised to produce PUs. CHOI based polyurethanes demon
,strated relatively higher temperature stability than the other 
four diisocyanate based polyurethanes. It is found that the 
contribution to PU thermal stability of various diisocyanate 
falls in the following order 

CHOI > PPOI > MOl> TOI > H12MOI 

2. A special feature of the cyclohexane diisocyanate (CHOI) based 
polyurethane is the uniquely flat storage modulus (E') - temp
erature profile they possess showing no change in E' over a 
very wide temperature band from 230C to 20SoC for the BO+CHOM 
extended PU to the presently obtained maximum of 230C-2600C for 
the Polacure extended PU. 

3. It is found that thermal stability can be improved by using 
CHOI as a co-diisocyanate in both TOI and theH12t1DI based poly
urethanes. 

4. The structure of diol chain extenders has been shown to have a 
marked influence on the thermal stability of polyurethanes. It 
has been demonstrated that increasing symmetry in chain extenders 
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stabil i ty. 
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to progressively greater degrees of thermal 
It is also considered that the thermal stability 

is higher when diamine (Polacure) chain extension is used and 
lower for diols. 

5. It is considered that using an excess of di;socyanate enhances 
the thermal stability of a PU by means' of isocyanurate cross
linking and an approximately ,linear relationship applies bet
ween the quantity of crosslinking in a PU and its thermal 
stability. Isocyanurate structures are well known in the 
polyurethane field as possessing outstanding thermal stability 
and also have the particular property of not melting but instead 
decompose and eventually, char when heated to high temperatures. 

I 0 I 
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t - - - I I I 1- _.., 
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o 

The isocyanurate crosslink 

6. Using an excess CHDI together with a suitable chain extension 
agent is considered to give higher temperature stability. 

7. Thermal stability is also found to increase when TMP is used 
as a chain extender. This is considered to be due to the 
increased crosslinking in the TMP based polyurethane elastomer. 

In order to measure thermal stability and strength retention,tensile 
properties·were measured at elevated temperatures. Tensile propertieS~ 
namely ultimate tensile strength, elongation at break and modulus are 
observed to generally decrease over the temperature range 230 C through 
to 240oC. This effect may be attributed to the effect of temperature 
on the,crosslink entities present. It is especially observed that these 
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polyurethanes show no sharp melting point and also do not exhibit the 
rapid loss in dimensional stability displayed by conventional PUs 
when heated. 

The greater degree of hard segment domain formation associated with 
the use of excess di1socyanate gives rise to high modulus and tensile 
strength values and relatively harder materials. The effect of mole
cular symmetry on domain formation and phase separation, and subse
quently on the properties of the polyurethane elastomer have been 
demonstrated. Tensile strength properties are generally much improved 
by the use of the,!symmetrical diisocyanates and chain extenders, com
pared with. asymmetrical ones,where they give a much softer material 
with lower tensile properties indicative of relatively poor packing 
of hard segments. Most of the polyurethanes showed hardnesses in the 
range 80-95 Shore A. Polacure based PUs exhibited higher hardness and 
modulus values than·their diol analogues; generally however the elon
gation at break of the Polacure based PUs was lower. This was consi
dered to be due to the predominance of urea linkages in the Polacure 
based elastomer which enhances cros.slinking and hydrogen bonding for
mation and thus gives more rigidity· to the polymer. Also found was 
an increase in hardness and modulus and a decrease in ultimate tensile 
strength and elongation at break when TMP based PUs were compared with 
PUs using the mixed Dianol (22+33)diol chain extender. This is con
sidered due to more crosslinking and poor molecular ordering being 
present in the TMP systems and·thus indicates mixing of hard with 
soft segments. Obviously.the hard segment to soft segment ratio will 
have, as was observed, a significant effect on polyurethane properties. 

It was observed that compression set and tension set decreases with 
increased hard segment content and it is generally concluded that the 
higher crosslinked polyurethanes showed lower set values. 

It was found that both crack initiation and crack propagation resis
tance decrease with increasing crosslinking and the heat generation, 
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by flexing, of polyurethanes also increased with increasing cross
linking or applied strain • 

. Hysteresis loss has been found to depend on the chemical structure of 
the hard segment and this has been explained in terms of the reorga
nisation of hard segment domains. The greatest proportion of hyste
resis loss occurs in the first cycle and this is primarily associated 
with the high degree.of structural reorganisation which takes place 
in the first cycle. It was found polymers of higher hard segment con
tent possess greater net energy absorption. This is considered to be· 
due to the presence of longer domain structures being associated with 
the longer hard segments. 

In the hot air oven ageing test series it was found that physical and 
mechanical properties usually decrease with increasing ageing time. 

·The original colour of the polyurethane samples were obviously changed 
during the ageing cycle from an originally off-white material through 
the various stages of yellow to brown to dark brown to finally black. 
The results illustrated that the colour change in BD+CHDM systems 
increased with increasing amounts of excess ~HDI. By contrast the 
Polacure based polymers exhibited a decrease in colour change with 
increasing percentages of excessdiisocyanate; These results can be 
explained on the basis that urea linkages in Polacure based PU elas
tomers can give .the possibility of higher hydrogen bond formation and 
hence higher thermal stability. 
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5.2 RECOMMENDATIONS FOR FURTHER WORK 

In view of the results of the. investigation carriedout in the present 
work, the following recommendations can be made: 

1. Investigate the effect of various catalysts on CHDI based 
polyurethane elastomers as the presence of catalyst is known 
to control the final properties. 

2. Investigate the effect of reinforcing fillers and fibres on 
physical and mechanical properties and thermal stability of 
polyurethane elastomers. 

3. Comparison between two different types of polyurethanes based 
on polyester/CHDI and polyether/CHDI and evaluation of their 
role in .thermal stability and general physical and mechanical 
properties e.g. polyether based PU elastomers generally gives 
the best heat build up resistance. 

4. Evaluation of the effect of cyclic polyol and chain extender 
structures, coupled with isocyanurate crosslinking on thermal 
stability of PU elastomers. 
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APPENDIX 1 . " 

A •. STRUCTURAL FORMULA OF THE INDUSTRIALLY IMPORTANT DIISOCYANATES 
USED IN POLYURETHANE ELASTOMER SYNTHESIS 

Name 

2,4-Toluene diisocyanate 

2,6-Toluene diisocyanate 
., 

',1, 

4,4'-Diphenylmethane 
diisocyanate 

4,4'-Dicyclohexylmethane 
diisocyanate 

1,6-Hexamethylene diiso-
cyanate 

xylylene diisocyanate 

para-phenylene diisocyanate 

cyclohexyl diisocyanate 

IConti nued •• 

Abbreviation 

TDI 

TOI 

MOl 

HDI 

XDI 

PPDI 

CHDI 

Structure 

er NCO 

NCO 

. CH 

OCN6NCO 

OC~H~NCO 

OCN-(CH2)6-NCO 

, 

r!5(CO 

. CH2NCO 

, 
.<, 

,OC~NCO 

. ..f:::::::;7tlCO 
OCN 

r 
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Name Abbreviation 

2,2,4-Trimethyl-l,6- TMOI 
hexamethylene diisocyanate 

3,3'-Oimethyl-diphenyl
methane 4,4'-diisocyanate 

3,3'-Tolidene 4,4'-diiso~ 
cyanate 

Isophorone diisocyanate 

l,S-Naphthalene diiso
cyanate 

TOOl 

'IPOI 

NOI 

. 

I 

Structure 

CH n.,CH3· 

OCN_( )-0- NCO 

, CH3 
'C~NCO 

Y CH2-NCO 
CH3 

NCO 

Q:)'" " I '" 
CO 

. 



291 

B. PHYSICAL PROPERTIES OF CHOI AND PPDI 

Physical Properties 

Fonn . 
Puri ty 
Molecular weight 
NCO content 
Isocyanate equi
valent '~ 

Trans stereoisomer 
Total chlorine· 
Hydrostab1e chloride 
Specific gravity 
Melti~g point 
Boil ing point 

Viscosity, Brookfie1d 

Solubility 

CHDI 

White f,laked solid 
99 ± 1% 
166.18 
50.57% by weight 

83.1 

~9.0% 
100 ppm max 
20 ppm max 
1: 116 at 700C 
6~,.64oC 

2600C at 760 mm Hg 
1430C at 25 mm Hg 
,,13 Cp at 650 C 

. 

("2 spindle at 20 rpm) 
Soluble in aliphatic 
hydrocarbons' at e1e~·. 
vated temperatures, 
soluble in inert 
organic solvents at 
room temperature 

PPDI 

Colourless flaked solid 
99 ± 1% 
160.13 
52.5% 

80;06, 

-
100 ppm max 
20 ppm max 
1.170 at 1000C 
94-950C 
2600C at 760 mm Hg 
110-112oC at 25 mm Hg 
1.114 Cp at 1000C 
(#2 spindle at 20 rpm) 
Soluble in most inert 
organic solvent at ele
vated temperature 

Flash point >2l0oF (PenskY~Martens)-
Ames test for muta
genicity 
Toxicity LD50 (oral) 
Vapour pre'ss ure 
Storage stability 

Negative 

Similar to. TOI 
Similar to TDI 
Stable at room tempe,. 
rature in closed . 
containers up to 
6 months 

.. 

Negative 

Similar to TOI 
Similar to TOI· 
Stable at room tempe-. 
rature in closed 
containers for up to 
6 months 
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C. NAME. FORMULA AND BASIC TECHNICAL INFORMATION OF THE CHAIN EXTEN
DERS USED IN POLYURETHANE ELASTOMERS 

I) l,4-BD = l,4-Butane dio1 (liquid). C4H1002, M.W. = 90.12, 
Eq. W = 45.06, fl.p = 134°C. m.p. = 16°C, b.p. = 227.230oC. 
HO-CH2-CH2-CH2-CH2-OH 
Supplier: GAF(Great Britain) Co Ltd. 

11) l,4-CHDM = l,4-cyc1ohexane dimethanol (cis, trans-1,4-b~s-(hydroxy
methy1)-cyc1ohexane (solid), C6H10(CH20H)2' M.W. = 144.21, " . 
Eq. W.= 72.10, m.p. = 56°C, b.p. = 283°C 

CH2,-:·-- CH2 / , , 
HOCH2 - CH CH - CH20H 

\ / 
CH2 CH2 

Supplier: Ald:rich Chemical C~,Ltd. 

Ill) l,6-HD = l,6-Hexane diol (hexamethylene glycol), (solid), C6H1402, 
M.W. = 118.18, Eq. W = 59.09, F1.,p. = 98-100oC, m.p. = 40.42oC, 
b.p. = 2500C 

HO-CH2-CH2-CH2-CH2-CH2-CH2-0H 

IV) Diano1 22 = I1,l'-Isopropy1idene-bis-(p-pheny1ene-oxy), di-a-ethano1], 
(solid), M.W. = 316, Eq. W = 158. 

CH3 ' 
, I," 

HO - CH2 - CH2 -O~ C -~- 0 - CH2 ' - CH2 - OH, 
~- 1\==.1 ' 

. CH 
3 

Supplier: Akzo Chemie UK Ltd 
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V) Dianol 33 = [1 ,1 '-isoproylidene-bis-(p-phenylene-oxy)di-w-propanol -2], 
(solid), M.W. = 344, Eq. W = 172, m.p. = 70-80oC. 

Supplier: Akzo Chemie, UK Ltd. 

VI) HQEE = Hydroquinone-bis-hydroxyethyl ether (solid), C10H1404 
M.W. = 198. Eq. W = 99. m.p. = 100°C. 

HO - CH2 - CH2 - 0 ~- 0 - CH2 - CH2, - oH \==.1-

Supplier: Eastman Chemicals USA and Aldrich Chemical Co Ltd. 

VII} Polacure 740M = Trimethylene glycol Di~p-aminobenzoate (solid), 
C17H18N204' M.W. = 314, Eq. W = 157, m.p. = 125-128oC," 

o 0 

H2N{ ')- ~ .; 0 - CH2 - CH2 - CH2 - 0, - ~( }NH2 

Supplier: Polaroid Corporation, USA. 

VIII) l,4-CHD = eis, trans-l,4-cyclohexane diol (solid), C6H1206, 
M.W. = 116.16, Eq. W = 58.08, m.p. 98-100oC, b.p. = l50oC/20 mm 'Hg 

HO -0- OH 

Supplier: Koch-Light Ltd. 



294 

IX) TMP = Trimethylol propane (2-ethyl-2-hydroxymethyl propanediol), 
(solid), CSH1403, M.W. = 134.1S, Eq. W = 44.73, m.p. = 5S-5SoC, 

Supplier: BOH Chemicals. Ltd. 

X) Quinol = Hydroquinone (solid), CSHS02' M.W. = 110.11, Eq. W = 55.05, 
m.p. = 170-174oC 

HOOOH 

Supplier: BOH Chemicals Ltd. 

XI) Catechol = l',2-0ihydroxy phenylene (solid) CSHS02' M.W. = 110.11, 
Eq. W = 55.05 

OH 

< }OH 
Supplier: Ralph N Emanuel Ltd. 

XII) 1,S-NO = l,5-Naphthalene diol (solid), C10HS02, M.W. = lSO.17, 
m.p. =; 2S0-2S2oC, Eq. W = SO.OS OH 

~ 
~ 

OH 
Supplier: Ralph N Emanuel Ltd. 
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XIII) 2,3-NO = 2,3-Naphtha1ene (2,3-0ihydroxynaphtha1ene), (solid), 
C10Ha02, M.W. = 160.17, Eq. W = 80.0a, m.p. = 162-1640C, 

~
OH '/", '" 

:-.... /. 
OH 

Supplier: Ra1ph N Emanuel Ltd. 

XIV) Anthraflavic acid = 2,6-0ihydroxyanthraquinone (solid), 
C14Ha04, M.W.= 240.21, Eq. W = 120.1, m.p. > 320°C 

OH 

Supplier: Ralph N Emanuel Ltd. 

XV) 2,4-06 = 2,4-0ihydroxybenzophenone (solid), C13Hl003' M.W. = 214.22 
Eq. W = 157.11, m.p. = 144.5-1470C, 

0-. I~--N ~ O~· 
OH 

Suppl fer: Koch-Light Laboratories Ltd. 

OH 
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XVI) p,p'Bipheno1 (solid), C12H
lO

02 , M.W. = 186.21, Eq. W = 93,1, 

m.p. = 278°C 

HO{X )-OH 

Supp li er: A 1 dri chChemi ca 1 Co L td. 

XVII) Bispheno1 A = 2,2'Oi(4-hydroxypheny1)-propane, (solid), 

C15H1602! M.W. = 228.29, Eq.·W = 114.14, m.p. = 153-1560C, 

CH
3 

HO· ~-~-ff\\-.OH 
'=/- I \d-

CH
3 

Supplier: BOH Chemicals Ltd • 

. XVIII) Oi(4-hydroxypheny1l sulphone (solid), C12HlO04S, M.W. = 250.27 

Eq. W = 125.13, m.p. = 238-242oC 

o IIQ HO~S '/ '. OH . "=ill -
o 

Supplier: BOH Chemical Co Ltd. 

XIX) l,8-0ihydroxyanthraquinone (solid), [CO.C6H3(OH)2J , .M.W. = 240.21, 

Eq. W = 120.10, m.p. = 190-l930C 

OH 

I 

Supplier: BOH Chemicals Ltd, 0 
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XX) 2,6-Diaminoanthraquinone (solid), C14H1002N2' M.W. = 238.25, 
Eq. W = 119.1, m.p. > 3250C, 

Supplier: Ralph N Emanue1 Ltd. 

XXI) 4,4-DMA = 4,4'-Diaminodipheny1 methane (solid), C13H14N2' 
M.W. = 198.27, Eq.W.= 99.1, 

Supplier: BASF~ 

XXII) MOCA = 4,4'-Methy1ene bis-O-ch1oroani1ine (solid), C13H12N2C12' 
M.W. = 267, Eq. W = 133.5, m.p. = 1100C 

Supplier: Hickson and Welch Ltd. 



FREEBOTTLE fr 
of House Wine T~E~T~2.~~E 

Offer available for every 2 persons dining. 
Please present this voucher when dining to : 
claim this offer. To reserve a table 

Freephone 0800 542 6282 
~ .. -

1) Thla oiler 11 only valid from MoncIay. Thtnday,lunchlimt and dinner and 
.tier 5pm on Sundays. 2) OIler only appliM 101' every 2 people Who dl .... 1n 
the FosM ReIUlI.II8I'It and tww.. minimum 01, 2 CQurae meal, 3) Available 
on the Table tSHote or Ala Call. menus (ThI1 on ... CIlnnCII be used In 
conjunction wtItlany other offeror dI~ "I This 0/1« 11 valid untI30th 
November 1999, 5) Ta.IlIM ""'* be booked In advanr::. 

THE FOSSE RESTAURANT 
City Stadium. Filbert Street, Leicester LE2 7FL 

&tlq" 
~g Sol '"TIN· 0(0 < 





298 

lIST OF THE DIISOCYANATES AND POlYOlS USED WITH THEIR STRUCTURE AND 
RELEVANT TECHNICAL INFORMATION: 

a) Diisoayanates: 

I) CHDI = 1,4-trans cyclohexane diisocyanate (solid), M.W. = 166~16, 

Eq. W = 83.09, m.p. = 60-64oe, b.p. = 2600e and 760 mm Hg , 

r _____ 1-NCO 

OCNY-

Supplier: Akzo Chemie and Armak Co. 

11) PPDr = p-phenylene diisocyanate (solid), M.W. = 160, Eq. W = 80, 
m.p. = 93-94oC, b.p. = 260°C at 760 mm Hg 

OCN1 ')-NCO 

Supplier: Akzo ehemie and Armak Co. 

Ill) MOl = 4,4'-methylene-bis-ph'enyl diisocyanate, M.W. = 250', 
Eq. W = 125, m.p. = 38oe, 

Suppli~r: Bayer Ltd. 
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IV) H12M01 (Des. W) -= 4,4'-methylene-bis-cyclohexyl diisocyanate 
(liquid), M.W. = 262, Ew. W; 131, 

OCNOCH0NCO 

Supplie~: Bayer Ltd. 

V) T01 = Toluene diisocyanate (80/20 of 2,6 and 2,4 isomers), 
(liquid), M.W. -= 174, Eq. W -= 87,F.P. -= 127, b.p. = 246-247oC 

CH3 
" 

QN~ 
.' .~ 

& 

NCO 
(2,4~isomer) , (2,6-isomer) 

-,' ' '" 

Supplier: Bayer Ltd. 

/ 

b) 'Pol:yo"Ls 

I) Capa 225 = (hydroxyl terminatedpoly(caprolactone) (solid), 
M.W. -= 2000, Eq. W = 1000, m.p: -= 'l.60oC. 
Hydroxyl value mg KOH/g = 56 

R -= polymerization initiator 

Supplier: Laporte Industries, Interox Chemicals l.td, Luton, 
, Bedfordshi re. 



300 

11) Cap a 305 = (hydroxyl terminated polycaprolactone triol) (liquid) 
M.W. = 540, Eq. W = 180, OH value mg KOH/g = 310. 
Supplier: Laporte Industries, Interox Chemicals Ltd, Luton, 

Bedfordshire • 

.. .. ~ 
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, 'APPENDIX 2 

PRECAUTIONS'NECESSARYIN'THE'HANDLING'OF'RAW'MATERIALS 

a) DIISOCYANATES 

All isocyanatesare potentially hazardous, chemi cal s and because they 
are used as raw materials on a very large scale in the manufacture of 
polyurethanes, great care must be taken in handling these materials. 
Due to their high vapour pressure they are strong lachrymators and may 
cause asthma after repeated inhalation160• However, the general hazards 
to health associated with isocyanates may be summarized as follows: 
isocyanates are strong irritants,to the skin, eyes, gastrointestinal 
tract and the respiratory systems 16 .In particular, mild to, severe , 
asthmatic attacks will result in the majority of people exposed to 
inhalation of isocyanate vapour and this must be recognised as an 
acute hazard. 

, As a result of experiments based on_animal and, clinical analysis, a 
threshold limit value (TLV) of eachisocyamite has been,recognised. 
It means the maximum average atmospheric concentration of an isocyanate 
to which one may be exposed for an eight hours working day. TLV is 
expressed in concentration as 'part ,per million' (ppm) which is the 
parts of vapour per million parts of contaminated air by'volume at 2SoC 
and 760 mm Hg pressure. ,.!hreshold limit values ,(TLV) for' some commonly 
used diisocyanates are given in Table A2.1. It is important to realise 
that isocyanates are usually not detected by odour until their concen
tration reaches 10-20 times theirTLV. 

TABLE A2.1: Threshold Limit Values (TLV) for Some Commonly Used 
Diisocyanates 

, , 

Di i socyanate TLV (ppm) 

Toluene diisocyanate (TOI) 0.02 
Diphenylmethane diisocyanate (MDI) 0.02 
Isophorone diisocyanate (IPDI) 0.01 
l,6-hexamethylenediisocyanate (HDI) 0,01 

\ ' , 
, " 
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The probabil i ty of an isocyanate vapour becoming harmful is increased 
if it is used above its TLV. One should always wear rubber gloves and 
safety spectacles or respirator, while handling isocyanates and ensure 
proper ventilation. In the case of any spillage, aaecoritam'inanl should 
be 'u'sed to neutralise the reaction of isocyanate. A suitable decontami-' 
nant fluid has ,the following composition '(by volume): industrial methyl-. ~ . . 
ated spirits or isopropyl alcohQl (50 parts) water (45 parts), concen-
tratedammonia solution (5 parts). Empty isocyanate,drums should be: 
decontaminated before disposal by filling them with sodium carbonate 
solution and leaving them to stand for 24 hours with the bungs removed 
to 'allow carbon dioxide to escape. Care should be taken to avoid the 
inhalation of the'isocyanate vapour'displaced from the drum during 
filling, 

" ,~' 

b) ,DIAMINES 

In view of the toxic nature of these chemicals special precuations are 
necessary in the handling of them. ' Diamines seriously damage the eyes 

,and in ceriain cases cause seriousb~rns on'c6~tact with skin16• Some 
diamines are uhdoubtedly active cancer promoting agents. for example. 
one technically and commercially important,diamine has acquired the 
reputation ofa potential carcinogen over later years which is 4,4' 

methylene bis o-chloro-aniline (MOCA) and particular hYgiene precuations 
are required in its use. 

c) POLYOLS'AND GLYCOLS 

Polyols and glycols are generally,regarded as non-hazardous and no 
special precautions are necessary. 'They do not vaporise at ambient 
temperatures and hence do not constitute an inhalation hazard. 
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. APPENDIX 3 

FORMULATION·OF·RUBBER·USED THROUGHOUT THE 
COMPRESSION SET, TEAR AND SKID RESISTANCE INVESTIGATION 

. 

Material phr 

NR (SMR-20) 30.00 

SBR 1500 70.00 

Zinc oxide - 4.00 

Sulphur 2.00 . 
CBS 0.25 

Santocu~e MOR 0.25 

Flectol-H 0.75 

Permanax B. .. 2.00 
--.' , 

Microcrystalline wax 3.00 

Stearic acid 2.00 

Carbon black FEF 51.00 

Process i ng oil 7.50 

.. 

t90 ~ 16.5 minutes 

" ,.' 
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. ·APPENDlX 4 

·Pl·DYNAMIC·MECHANICAL·THERMAl ANALYSER 

The Dynamic Mechanical Thermal Analyser is made up of four main parts: 
dynami c ana lyser" ·temperatul'e . programmer, measuring mechani ca 1 head and 
plotter. 

The dynamic analyser computes the dynamic storage moduli (E') and 
damping (tan 6). The geometry constant for the sample is dialled into 
the front panel to give absolute moduli and on board.microprocessors 
adjust the drive·current to hold the strain at pre-se1ected levels and 
ana1yse\signa1 amplitudes and phase. The driven"frequency technique 
allows ineasurement.at a number of fixed frequencies from 0.033 Hz to 
90 Hz. Analogue outputs for tan 6, log E' and; temperature are avail
ab1 e from the rear panel. . 

The temperature programmer ·provides -·v~rsati le. programmed o· heating, 
cooling or isotherming of the sample from -1500C to +300oC (5000C high 
temperature option). Normally scanning rates for good·measurement 
accuracy are <SoC/min. 

The measuring mechanical. head houses the sample in a temperature enclo
sure, where it is subjected to small amplitude sinusoidal oscillation. 
Tn normal operation a bar sample is clamped rigidly at both ends and 
its central point vibrated sinusoidally .by the drive clamp. The stress 
experienced bylthe sample, via the ceramic drive shaft,is proportional 
to the current supplied to the vibrator. The strain in the sample is 
proportional .to the sample displacement and is monitored by the non
loading eddy current transducer and the metal target on the drive shaft. 
The drive shaft is supported on the light metal diaphragms which allow 
longitudinal but not lateral motion. 
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The envirenment is cempletely centrellable in the temperature enclesure 
as nitregen ceelant circulates ilian enclesed jacket with electrical 
heating previding the temperature centrel. An inert gas er centrelled 
humidity air can beintreduced frem pipes in the rear bulkhead. 
Temperature is sensed and centrolled to withinO.2eC by a platinum 
resistance thermometer lying immediately behind the sample. Asche-

. ~, . 
matic view of thei mechanical head is shown in Figure3.23 • 

. , 
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