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ABSTRACT

Polyurethane. elastomers have demonstrated unusually excellent physi-
‘ cal and mechanical properties, but these advantages are considerably
d1m1n1shed at elevated temperatures. -

_ This research was carried out to prepare thermally stable pb1ydrethane
“elastomers. The ihvestigation has led to methods of synthesising heat
reSistaht castable polyurethanes. These polymers were pfepared by
ghain extension of a po]ycapro]actbné'd101/tkans cyclohexane diiso-
~ cyanate (CHDI) or paraphenylene diisocyanaté (PPDI), as prepolymer
systems, with a variety of diol and diamine chain extension agents.
A further study concerned the use of a'1arge excess diisocyanate
' a(IO-SO%) 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
typicai]y 0-0.2% of free NCO has a maximum sefvice-temperatUre of appro-
‘ximately 1200C; this is raised to about 240°C by the use of this excess .
~diisocyanate technique. ' '

The occurrence of this enhanced thermal stability in polyurethane elas-
tomers has been investigated by §tudying their morphology, using
Dynamic Mechanical Thermal Analysis (DMTA) and leferent1a1 Scannlng

- Calorimetry (DSC) techn1ques.

Infrared'anaiysis 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 morpho]ogicai
structure where hard segment interactions led to the formation of non-
crysta111ne domains.

Physical and mechanicai propertiés of po]yurethane'e}astomers were used
as the criteria of their quality.



Measurements were made of ultimate tensile strength, elongation at
,bfeak.'modu]us;'hardness, tear strength, compresSion set, tension
set, hystefesis, density, crosslink-density, fatigue life, internal

heat generation and hot air ageing. |

~To evaluate the stabi]ity of these materials at high temperature.'the
~ tensile propert1es of some of the new po]ymers were invest1gated at
“elevated temperature.
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CHAPTER 1
1A POLYURETHANES

1A.1 INTRODUCTION

Polyurethanes, also referred to as "urethanes" refer to a relatively
new group of most important class of polymers that have found wide-
spread commercia]_app]icatioh over the last thirty yeaﬁs or so. '
These polymers are manufactured in various forms including foams,
fibres, surface coatings, adhesives and elastomers. Polyufethanes _
are characterised by the 1inkage'(A)] regardless of the constitutioh

3-' : R
-N§-C-0- - (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 wurtz2 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 Dr Otto
Bayer éxperimented with addition products of diisocyanates3. He dis-

- covered that the reaction between aliphatic diisocyanates and alipha-
tic diols (glycols) went‘smooth1y.under reflux conditions to build

- Tinear 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 Teathers. In 1942 German patent
Nor728981ﬁaspub1ished5, covering the basic principles of their work.

By 1952 the vulkollan class of castable polyurethane elastomers had

been established. Vu]ko]lan6 is .the original urethane rubber developed -
in Germany. This group of polyurethanes is based on the reaction =



products of various diisocyanates and polyesters. Two major reviews .
of the work on the 'Vulkollan' development have appeared in the 11tera-.
tur-e7 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 tensile
strengths and good oil resistance, are typ1ca1 of . the vulkollans, .
which form the basis of the majority of the present: day po1yurethane
compos1tes. As well as solid elastomeric compositions, po]yurethanes'
have been widely deve]oped 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
1ntermed1ates9 employed, the degree of cross11nk1ng in the molecuies,
and the method of fabr1cat1on. ‘

1A.2 FUNDAMENTAL CHEMISTRY OF THE POLYURETHANES -

The ab111ty of the isocyanate group (-NCO) to react ‘with compounds
~containing active hydrogen, and with itself, forms the ba51s of po]y-
~ urethane chemistry. Reaction of the 150cyanate group falls into three
main categories:

a) Intermolecular hydrogen transfer reactions
b) Self-addition reactions

c) Miscellaneous reactions.

a) Intermolecular hydrogen transfer reactions

‘Thé.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 variéty of

functional groups which contain an active hydrogen atom. This is known =~

as addition polymerisation by rearrangement of - the molecules10. 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 droup can be explained by 'its electronic strUcture]]:



e P - - . I S
R-N=C=-0:z==R-N=C=0: —=R-N-C=0:

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 nuc1eophi1ic‘¢entre,uponithe

- electrophilic carbon atom, equation 1.1: '

R--N=C=0+B-H -+ R-N:’- =_“'0+R-g-?=0 (-I'-l)

CTEEPES

C
;
;

He-B

attention here being focussed on the most important primary reactions.

‘Redetion with daloéotols:

'Isocyanates react yith alcohol. to give urethanes in the following
. manner: :

R-NCO+HO - R » R-N-C-0-R ‘urethane

(1.2)
H

o=

This is the most important reaction in.the polyurethane preparation

as the backbone polyols are OH terminated and also now the most widely
used chain extenders are .djols e.g. 1,4-butanediol. The reactivity
order of alcohols is:

Primary > secondary. > tertiary



Reéaction with amines:

Isocyanate reacts with amines to form ureas:

R-NCO+H2N-R' -+ R-I;I-C l;l R'

: (1.3)
H 0 HA__ subst1tuted urea |

This reaction is partfcuIar1y valuable in chain extensions of isocya-
nate terminated prepolymers, forming urethane-urea elastomers.

‘Redaction with water:

Isocyanate reacts with water. to.give an unstable intermediate_product
of carbamic acid followed by amines and.carbon dioxide. The amine imme-
diately reacts w1th add1t1ona] 1socyanate to form a substituted urea,
equation 1.4: ' ' '

~R-NCO+H,0 - [R-NH-COOH]  carbamic acid

| (1.4)
[R-NH-COOH] > R-NH,+C0,  amine -

R-NCO+HN~-R + R-NH-(-NH-R substituted urea
. 0 .

The reaction of isocyanate and water is particularly important in low
density flexible foam mamufac'tur'e]2 and moisture curing of one compo-
nent isoqyanate'terminated coatings. The above reaction shows the
importénce‘of handling urethane raw materials in perfectly dry condi-
tions dur1ng the formation of so11d e]astomers, in order to avoid
undesirable bubble formation due to- formation of carbon d10x1de]3



Reaction with ecarboxylic acida:

~Isocyanates react readi]y_with carboxylic. acids, and the reaction
procéeds via an unstable intermediate (mixed anhydride) whose decom-
position pfoducts depend on the type of isocyanate and carboxylic
acid, yielding the- correspond1ng acid amide w1th loss of carbon
mmwmewumnla '

R - NCO +*R'gécooH > IR- N =C-0-C- R |
, o mixed anhydride i (1.5)
0 0 .
: i " : ]
[R=M-C=~0-C=-R']>R-N-C-R" + COpt

amide

the reaction rate between carboxylic ac1d and isocyanate being depen-
dent on the acid strengthH

‘Reaction with phenols:

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

| o - |
R = NCO + HOCgHg > R = NH - C - 0 - Cgh; (1.6)

'Reactwn with cvm.des.

19
Amides, and substituted am1des can also react under certa1n cond1t1ons
with isocyanate to give acyl ureas, equation 1.7:



H .
- 1 - - - n ] = - - n .
0 o ﬁ-v-R '
- OH acyl urea

‘Readtion with‘ureas'and.urethaﬁes:-'
Primary isocyanate.reaction products which still contain active
hydrogen atoms, can react further with isocyanates at elevated _

temperatures {above ]00°C) or at lower temperatures in the presence

of certain catalysts to form biuret and a11ophanate linkages.

R - | 0
R-N=~C-0~R"+0CN-R" » R'-DII-.C—O-R‘
| C- N-R"
TR
, ... 0 H . . -
- Urethane +  Isocyanate ~+ . .  Allophanate (1.8)
H oo W | 9 |
_ oo . - I .
R-N-C~-N-R'"+0CN.-R* - R-N-C-~-N-R'
. |
0= ?
| H-N-R
Urea L + Isocyanate - - ~ Biuret

Both reactions are potential crosslinking reactions, but the biuret’
linkage is of greater practical importance because urethanes are less,
reactive to isocyanates than are ureas.



.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:

z) Lmear poZymemsatzon‘ |

The l1near po1ymer1sat1on of 1socyanates is . obta1ned in a manner simi- -
lar to vinyl po]ymerisat1on with anionic catalysts (such as sodium
cyamde in N,N- duethyl formamide). at temperatures of -200C to’ -'IOO°C)
However, this reaction is usually. not observed in normal urethane
po1ymerisat1on react1ons]4 '

=0

n'R - NCO g Temperature” -t N-Ci nylon 1 (1.9)

R

!

i) Carbodiimide formation:

Isocyanates'condense easily:to form carbodiimides with evolution of
- carbon dioxide]S. The reaction occurs easily on heating but the
producfs react with further.isocyanate, during and after cooling, to
yield a substituted uretonimine. Traces of uretonimine are thus
1present_in many modified isocyanates.

E--ICH (phospholenox1de)
0« Mg

h1gh_temperature%

2 R-NCO R-N=C=N-R+C0,#

carbodiimide’

R-N=C=N-R+R-NCO ~ R”N‘C ”“R
0=C-N-R

uretonimine




Carbodiimides are used as anti-hydrolysis additives in polyestef
based urethanes16 '

‘tt$) Dmmermsatzon

Dimerisation of 1socyanates takes pIace in. the presence of pyridine
"giving rise to uret1d1one_r1ngs._ This reaction is an equilibrium
reaction and can be reversed by heat, equation 1.11:

0
S - i
. . C
_ pyridine \\ ‘
R - NCO + OCN ~ R R - - R {111
N N M
Dimerisation - = Uretidione =~ 0.

iv). Trimeérisation:

frimerisation of is0cyanatestakes p1ace in the presence of a basic
catalyst such as sodium methoxide or a strong organic base giving

rise to 1socyanurate r1ng517

0
i"n.
R .C

strong \/"\/

3R - NCO > N N (1.12)
l . , isocyanurate | '
c .

7N\ SN
!
R

Both uretidione and isocyanurate formation are important in isocyanate
chemistry, but isocyanurate formation is significant in a wider range
of polyurethane applicationslg. Isocyanurate structures are extremely-



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 part in many.
other types of react1on]9

i) ‘Redetion with S-H groups:

Sulphur compounds react with isocyanates in a similar manner to their -
oxygen anangues. Hydrogen ‘sulphide for. examp1e reacts similarly to
water, '

2 R - NCO + Hés 5 R-NH-C-NH-R +COS o
o 0 . 1.13

“Similarly mercaptans give thiourethanes.

R-NCO+R' = SH » R-Ni-C-5-R' ERRY

o=

i) Fr*wdet-—C’raf‘t  ‘anid 'Gmngnard Yeqctions:

Isocyanates react to form amides under Friedel-Crafts conditions in
the presence of aluminium chloride. '
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A1GT 5 -
R - NCO + _..,_._..,.R-NH-ﬁ@ - (1.15)

0

Qeactlon with Gr1ngnard reagents also occurs under re]atlvely mild
cond1t1ons. ,

R - NCO + R'MgX = R-NH-E-R' | | (1.16)

i31) Reaction with vmsaturated compounds:

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

R=NCO+R'N0 —20°C, [p - N-N =R

0= C 0

+R=-N= N R'+002+

(1.17)

1v) Rédetion with halogens:.

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.



1

c1 C1 NH-C-Cl
' | ] ! I
“NCO N-C=0 0
I . .
c1 C(1.18)
N - -1 -
‘ 95% + HC1.
ct - |
C1

“1A.3 CHEMISTRY OF POLYURETHANE ELASTOMERS

Elastomers-with-a high level of mechanical properties are usually
based on block copolymer systems having alternating flexible and . |
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, po]yurethane eIasto-
mers are prepared from three basic raw materials, such as diisocya-
nates (aromatic or aliphatic), polyols (polyether or po]yester), and

- chain extenders (diamine or diol). The feedstock of basic raw mate-
~rial for polyurethanes is petro]eum

1A.4 RAH MATERIALS

1A;4;1Difsocyanates

The most widely used diisocyanate in elastomer manUfacture&rethe
isomers of 2,4- and 2,6-toluene diisocyanates (TDI),'in-a'ratio of
80:20 or 65:35; 4,4'-diphenylmethane diisocyanate {MDI) and its ali-
phatic analogue 4,4'-dicyclohexylmethane diisocyanate (HIZMDI); 1,5-
naphthalene diisocyanate (NDI); 1,6-hexamethylene diisocyanate (HDI);
xylyene diisocyanate; . and 1-isocyanato-3,5,5-trimethyl-5-isocyanato-
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methyl-cyclohexane (isophorone diisocyanate)'(IPDI)., All these,isb-‘
cyanates are generally prepared by reaction of the corresponding”amines
with phosgene in an inert solvent 1ike ortho dichlorobenzene at.
temperatures of 25-100°C, via a number of intermediate steps.. This

is at present the most widely commercially used method for the manu-
facture of isocyanates, equation 1.19: | =

R - NHy ——. RNHCOCI R NCO Phosgenation (1.18) -

‘ Other preparat1ve methods .include the Curt1us,Hoffman and Lossen
rearrangement reactions, which may 1nvolve1n1trene as an. 1ntermed1ate.
are not satisfactory for large sca]e operation. Although the use of
~azides is hazardous, theCurtmusrearrangement of -an acid azide can be

considered next in 1mportance to the phosgenat1on reactlon20
CzT
. NaN3 o —N2 ‘f'/'—.‘-.‘ .
'R-lti-ﬂ —_— R-_'(l:-N3--+("R-IEE-N.‘_,,+R-NC0
0 ‘ | 0 ' L 0

i -
N

(1.20)

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

R=C = NH, _N%_R-c-nner —HBY _ R-CON > R-NCO | (1:21)
0 | 0 |
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The Lossen rearrangement involves the rearrangement of hydroxamic
acids in the presence of thionyl chloride.

NHZOH Y ' —H20
R- COOR' —————— R'OH+R - C - NHOH —% SRCON + R-NCO

I
0

(1.22)

The structura] formula of 1ndustr1a11y 1mportant diisocyanates 1is
__g1Ven in Appendix 1.

1h.4:2 Polyols

" The two different types of polyols, polyester or. polyether, are
widely used as 1ntermed1ates in the manufacture of all types of" poly-
urethanes and the choice of. p01y01 strongly influences the final
properties of urethanes. In general, polyesters provide better
mechanical properties than the polyethers which yield more hydroly-
tically stable polyurethanes. Hja%xy*po]yethers which are obtaired by
alkoxylation, are used.in far greater quantities than hydroxy polyesters
obtained by ester1f1cat10n2] Polyols may have molecular weights of _
the order of 500-3000, be crystalline or amorphous, contain atoms or
groups which contribute. to molecuiar flexibility or stiffness, and be
linear.or branched according to the requirements for use.

" 1A.4.2.1 Polyesters
The polyésters are usually prepéred by reaction of dibasic acids with
excess diols. The most common.raw materials used in polyesters for the
urethane polymers are adipic acid, sebacic or phthalic acid with ethy-
Tene glycol, 1,2-propylene glycol, and diethylene glycol, where linear
polymer segments are required, and glycerol, trimethylolpropane, penta- |
_erythritol, and sorbital, if chain bfanching or ultimate crosslinking is
sought.
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For the preparation of the polyesters, conventional methods of poly-
esterification are used. As the polyesters are required to be hydroxyl

'terminated, jt is usual to react an excess of .the stoichiometric amount
of the glycol with the acid.

(n+1)Ho R 0H+nHOOC R - COOH = HO. —-E RO - ¢
0

+2 H20

-R'~C=-0} R-0OH

C).—..(.') )

(1.23)

‘This esterification reactionfresults in a.mixture of low molecular
Weighf poiymefs Continved reaction at high temperatures and, in some

“cases, reduced pressures leads to -the elimination of some glycol W1th
the formation of higher mo]ecu]ar we1ght polyesters.

] _ t
0 o " 0 0
| ¥

HO—[—ROC R' C-03-R-0H + HO.—[-ROE-R'.-(‘:-OJ—R-OH

HO—f R-0-C-R'=-C~0]—J[R-0-C-R'~C= 0-]—R-0H+R(OH)2-
i . t Il n 3 n _

o
o=

(1.24)

‘Another type of polyester which is of interest. in the field of solid
- polyurethanes is polycaprolactone, which is obtained by the addition
- polymerisation of s-caprolactone in the presence of an initiator.
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HO-R=0H + 2n CH,(CH,),C0 = HO —f (CH,)<C00 3= R —H00C(CH, ) }3— OH
: 2V214 ‘ 2’5 2’5
\ / . n n
0 .

(1.255

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

1A [4.2,2- Polyethers _ _
The _pfﬂye_thers &_re commercially. the most important of ‘the polyhydroxy - =
compounds used to prepare’po]yurethanes. They are generaﬂy prepared

- by catalytic polymemsat'lon of-the- epox1de group in-the- a‘Iky‘!ene oxide -
‘ mth suitable initiators. - '

5
CH, - CHCH, 2258 catalysts, — 0 CH,CH o oW (1.26)
AN 0/ '
S Polypropylene alycol

‘The first polyether desighed ."specifical'ly for ‘prep'aring polyurethanes

was a’ polytetramethylene glycol derived from. tetrahydrofurane.

'CH,— CH,
I I catalyst ‘
o m-——>H—f0(CH2)4q—0H -
CH, CH, (1.27)
0 Po]ytetramethylene egcoI-
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The catalysts used are LeW1sac1dsand bases and salts, For the manu-
facture of polypropylene glyco1s. the catalyst is usually: sodium
or potassium hydroxide in aqueous solution, a1though sodium methoxide
_potassxum carbonate and sodium acetate are also usedzz. A polymer1-
sation initiator is employed to. control the type of polyether produced.
Biva]ent glycols (ethylene-, propylene-, diethylene-, and dipropylene-)
can be used as initiators. in the manufacture of difunctional polyethers,
whereas trivalent or multivalent alcohols (tr1methy10]propane glycerol,
pentaerythr1to] sorbitol, etc) are general 1n1t1ators for trifunctional
or multifunctional po]yethers In general polyether egco1s are light
~ coloured viscous liquids. They are non-volatile and soluble in common
- organic -solvents.

l]AT4i3+Chain_EXtendersm”‘;f———"“‘*”-——“4*~~———~4ﬁw-——~ B

"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 1,4-butanediol and MocAZ3 (3, 3‘-d1ch10ro-
4,4'-diaminodiphenyimethane).

MOCA is manufactur'ed by -the condensatwn of ortho ch’loroamhne mth
forma]dehyde in acid medium: ' '

O 0 e

(1.28)

The condensation is started at. Tow temperature, which is gradually

increased to about 80°C - After reaction the mixture is made alka11ne, \

N

washed w1th water, f11tered and dried,
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The manufacture of 1,4-butanediol involves the high pressure hydro- -
genation of 1,4- butyne~dioneiusing a nickel- cdpper-manganese cata-
1yst The 1,4~ butyned1o] is obta1ned by the reaction between acety-
Iene and for-maldehyde24

o o ' L s
HC = CH+2H-C-H + HO-CH,-C = C~CHy-OH
N | o T ~ (1.29)

. . _ . . 2 7
"HO-CH,-C = C-CHy-OH N‘7CT:7M?1’ Hocuzcuzcnzcuzon

IA 4 4 Catalzs1

The purpose of cata]ysts in po]yurethane chem1stry 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
«+2activity. The catalysts usually employed in polyurethane synthesis
are: acids, bases and metal compounds‘such as tin and mercury.

1

Acids accelerate the chain extension mildly but retard the crosslinking
reactions. The only reaction strongly cata]ysed is that with water-
which ideally should not be present in solid polyurethanes11 Due to -
its selective action acid halides e. g. p-hitrobenzoyl chloride or
benzoyl chloride can be usefully employed as a stab111ser for. po]yure-
thane prepolymer system525 |

' ‘Bases accelerate all the.iéocyanate 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.q. h
1,4-diazo-[2,2,2]-bicyclo-octane .(DABCO). |
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.

The tertiary amine catalysis is thought to proceed as follows™

R- NCO+R'3N.—--R N=

(1.30)

: ?_;_?_Ru- ‘ ‘
R NH - C 0R"+R'3N4- R - N-:E - 0 R"OH

+

|  By the base. cata]yt1c reaction an isocyanate-base comp]ex 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 isdcyanate‘group,forganotin compounds. are extremely
effective catalysts and usually preferred.for use in polyurethanes.
They include stannous 6ctoéte, stannous. oleate, dibutyltin ; dilaurate,
'and dibutyltin di-2- ethylhexoate. Cata}ysis'by metals such as tin:

. has been expla1ned by the formation of ternary comp]exes30'31. Other _'
_'explanatwns32 are based on the formation of.br1dge.complexeS'betweeh-
metal-alcohol and metal'isocyanate complexes. However the most widely
 used catalysts commerc1a11y available in po]yurethane processes are
tert1ary amines and organot1n compounds.

3 . G i
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TA35 . SYNTHESIS

The term block ratio (NCO/OH ratio) is frequently used in the synthe-
" sis of polyurethanes as a basis of controlling the synthesis and = -
re1ating 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 selected molar ratio or block ratio of NCO/OH to produce a
~ urethane of predetermined 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 cdmmon]y.émployed in the synthesis of pbiyurethanes.

. -are:

~a) . prepolymer . _
b) ~ semi- or quasi-prepolymer
¢)  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'al1ong.chain-
polyol (polyether or ponester),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 Tow molecular weight diol or
diamine to'yield the final product. A typical.prepo1ymek reaction can
be represeﬁted schematically as follows: - ' '
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OCN - R - NCO 4+ THO asvannnnannnanan OH
diisocyanate " polyol

(1.31)

: l I
OCN - R -NH-C- 0 v 0 - C - NH -R- NCO
' prepo]ymer

The prepolymer. can be prepared either by melt.polymerisation or solu-

tion polymeriSation. In melt pdlymerisation.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 reaétioné. temperaAI‘
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 Tiquids or Tow melting solids -

at room temperatube, which should be stored in the dark under nitrogen

to prevent photodegradation,-dimerisétion 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. Diols are comparatively less
reactive than diamines and sometimes.necessitate the use of catalysts
which should be added to the prepolymef.before;mixing.. As the pot life
of melt polymerised.urethanes is short.the reacting mix is quickly cast
into a mould after'mi&ing. ‘The cast urethane is ‘then cured in an oven
in the. temperature'range 50-1200C for several hours. A typical chain’

extension. react1on with: d101 and d1am1ne are schemat1ca11y shown below33
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I | ] |
OCN=R=NH-C-0 ~annan 0-C-NH=-R=-NCO + HO-R'-0H =———

urethane _unethane

o /0N ‘,:q‘\ 0
, i fooy P i
— 0vvaAnn0-C-NH-R-NH-C - 0-R'-0~C-NH-R-NH-C-)—}
R . | )
soft . - - hard segment '

segment

React1on of prepo]ymer with d101

N
nmeo ,
OCN-R-NH-C-0 mmymmmmmo-C-NH—R—NCO + HZN-R'-NH2 —_—

urethane urea urea
£ 0vaiang- C-NH-R- NH—(— C-NH-R'-NH C-NH-R-NH- c—)—-at

Vo -
Soft ~ ~ S hard segment_ S

segment

Reaction of prepolymer with diamine

(1.32)

(1.33)

solvent.

“

34

The technique. of .solution polymenisation is similar to melt p61ymerisa-
tion, except that the process-is carried out in a common. non-reactive
Although the prOpert1es of polymers are not good as melt

po]ymer1sat1on, this. techn1que has the following advantages over melt
‘ po]ymer1sat1on ' '

Poss1b111ty of. us1ng high melting points and highly react1ve

diisocyanates. and chain extension agents;
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2, Rapid and efficient dispersion of reactants;
3, Overcome the. disadvantages of .short pot life;
Easier cast1ng to form thin film by so]vent evaporat1on.

b) Semi—prepoiymeh"

The semi- or: quasi- prepolymer method is also used in some cases. In- ,
this method only- part: ‘of the polyol (po1yether or polyester) component t
is reacted with all of " the d11socyanate to form the semi- or partial
© (quasi). prepo]ymer. This prepolymer is then reacted with the remainder
. of the p01y01 wh1ch was. mixed W1th chain exten$1on agent ‘to give the
f1na1 po]ymer

c) One-shot - _

The oné-shot. system baS1ca11y 1nvo1ves the simultaneous mixing together
- of stoichiometric quant1t1es of. po1y01 d11socyanate and chain’ extender.
In practtce the polyol and. chain extender are first m1xed dr1ed and then _
added to d11socyanate. There is no control. over the reaction pr1or1ty,
“hence random polyurethane structures aré produced. Sometimes for solid
- po]yurethanes one-shot systems are used. due to economical reasons in -
the production. of segmented thermoplastic.materials where the three

starting 1ngred1ents are mixed. and ‘extruded in.a continuous process, -

- but general]y th1s techn1que is used more in.the product1on of foam. -
_-than e]astomers (e g the react1on 1nJect1on moulded or: RIM process)

Techniques common in the synthes1s of po]yurethane elastomers are
© depicted below:- '
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Prepolymers

- Quasi prepolymers

' Polyol ‘Diisocyanate - Polyol ‘“fDiisoqyahate

L

:‘(Part A) 3

L 4

' -Preponmer Chain -
' extender

¥

N

- One-shot systems

¥

Po]yol D11socyanate Chai

exte

:J

nder

" Quasi-pre- Po]yo1 (Part B)

- polymer

W

Chain e
extender

4.

FIGUREAIQI

" Final po]yﬁef““e

~_Final pelymer .

Final polymer .

Schemat1c Representation of" Preparat1on Techn1ques for Poly-

urethane Elastomers

_ _IA 6 CLASSIFICATION OF. POLYURETHANE ELASTOMERS

On the basis. of their process1ng character15t1cs ponurethane e]astomers
fa11 1nto three mazn categor1es '

e Castab]e ponurethanes
2. Millable po1yurethanes
3. Thermop]ast1c po]yurethanés.* :

”IA 6 1. CastabTe Po1yurethanes

Castab1e polyurethanes are by far .the 1argest class. of polyurethane R
elastomers’ presently -used and can be manufactured bv either +he prepo}y-

- mer.or one-shot: routess.

The fabrication techq1que$ 1nc1¢de‘epen

" casting, centrifugal and rotational casting, compression and transfer
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'f ‘[mou1d1ng from p1ast1c gum, spray coat1ng e1ther reaction or so1vent
d'.itechnlques,_and react1on ‘injection mouiding.. By variation of the
<" three major 1ngred1ents {polyol, diisocyanate and chain extender),

i vflcast elastomers manufactured.by, the. techn1ques mentioned cover a wide
"fu*;range of: phys1ca1 propertxes.. They vary from very soft ge1at1ne Tike

;eg;:mater1a1s to hard products of outstand1ng strength They also exh1b1t e
: fexce11ent oil and: abras1on resistance. - Because of ‘these outstand1ng '
properties cast e1astomers have found. successful applications as solid

| 7_;tyres for industrial vehmc]es. rollers, espec1a11y those used in the

37, pu11eys, bearings, gear wheels and other art1c1es )

'wh1ch could be produced convenment1y by. 1nJect10n nouId.ng

1pr1nt1ng 1ndustry

1A36 2“&111ab1e PoTyurethanes

M111ab1e po1yurethane e]astomers are .cemposed. of the storage -stable
"m111ab1e gums. These are. essent1a11y based. on the prepolymer concept
.”descr1bed for cast po]yurethane e1astomers.' They are rubbery in chardc-
ter but requ1re processing on convent1ona1 rubber. mach1nery with cur1ng 7
agents. Crosslinking can be. effected either by the addition on the mill
- of more-diisocyanate, peroxide or.sulphur. Fillers. such-as carbon black
. can also be added on. the mill, and the whele process’ -including the high
temperature press cure; is- anaTogous to the manufacture of conVent1ona1
Z_rubber products The propert1es of the final product are 1nfer1or in
_ ;trength to’ those from the castable polyurethanes bu+ have super1or
| compress1on set and creep The m111able urethanes have ma1n1y been
“used for products wh1ch could not be satwrractor11y produced u51ng the
cast. systems for examp]e, th1n wa11ed fiexible ga1ters d1aphragms and
other. s1m11ar components most eas11y manufactured by compress1on and -
.a1m1lar mou1d1ng techmques38 ' '

| ‘\91A.6;3,Thérmop]éstic.Po1yurethenes

Thermeplastic polyurethane elastomers are a're1ative1y‘recent deVeiopf _
“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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'pelyethen or po1yesten p01y01 and..a 1ow molecular weight glycol chain
- extender. The NCO/OH rat1o is kept:at.1.0.s0- that no’ cross]1nk1ng
. between the chains occur’ or’ cha1n branch1ng -results. - Thermoplastic
_ po1yurethanes are def1ned as mater1a1s haV1ng elastomeric propert1es
' at amb1ent temperatures but they are read11y fabricated at elevated °

. f_ temperatures by such melt- -processible. ‘techniques. as ‘injection mou1d1ng"

.or. extrusion which are’ character1st1c of p1ast1c materials, - The out- -
stand1ng character1st1cs of thermop]ast1c urethane are excellent abra-
sion resistance, high. tens11e strength and e1ongat1on with relatively
Clow permanent set, 'high tear strength, Tow compress1on .set, environ-
mental and chemical resistance,. f1ex1b111ty at Tow temperatures and’

" high Toad bearing capac1ty39. ‘Owing to their exce]]ent mechanical
strength and ease of processing.thermoplastic polyurethanes have found
‘widespread application in exterior automotive body. parts, cable jack-
eting,’industria1‘hose,‘tubing, gears, seals, belting, ski boots and
wheels,

The fo110w1ng Tab1e TA 1 shows the var1ety of systems and .appiications
of polyurethane elastoniers. -



TABLE 1A, 1:

" plastomers

The variety of systems and appl1cat1on of polyurethane 3

Polyurethane elastomers -

.. Processing and main application

Liquid:system

-4 Solid system

Millable types

Mouldable and
- for extrusion-

_applications

{conventional "
method of :
rubber indus- .
try) articles
for motor cars
and industry

Thermoplastic
products

For injection
moulding and
extrusion _

~articles for

- motor car .
and industry
applications

moulded articles

70 Shore A

..} Castable forj| Castable for Castable forj} Sprayablq| Compositions for

- hard grades || cellular . soft grades {| composi- || caulking and.
' S grades o tions sealing
65-99 Stiore |{ Heavy foams.{| 20-40 Shore }| Linings {|e.g. for ceramtc
oA with high - {]+ A ] for pro- || pipes.. ' Sk
General - : Toad bearing{| Printers tection
.enginee- .|| capacity for|| rollers against

- ring Tike - || damping ele-f| = corrosion
coupling ments and wear
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1B:  GENERAL STRUCTURE-PROPERTY RELATIONSHIPS IN POLYURETHANE
ELASTOMERS ' '

' "13.1 INTRODUCTION

:"f.Po1yurethane elastomers are block copoiymers with' re1at1ve1y 1nf1ex1b1e‘g'
‘ f'.reg1ons conta1n1ng short po1yurethane segments 1nterspread ‘between: long
L "and flex1b1e polyester or polyether sequences. The latter structures .

give the materials their. elastic qua11ty, while the former prOV1de
sites for 1ntf"m01ecu1ar ties through secondary bond1ng. It is these .
'“:1nteract1ons which give these materials retention of- useful modu11

~T;'part1cu1ar1y at elevated temperatures due to their intermolecular hydro- w

gen bonding properties. These different sequences are termed the hard _
© and soft_segments of polyurethanes with the f1ex1b1e po]yester or poly-
- _ether regions being the soft segments. |

Poiyurethanes ean'contain a. high concentration of po1ar groups, in

' particular: the urethane groups resulting from. 1socyanate-hydroxy1

reactions, as.well as ester, urea and-other groups.. The 1nteract1ons

between these polar ent1t1es are of great 1mportance in determ1n1ng

.the properties.of po1yurethanes of all types, and espec1a11y the poly-

'1Urethane block - copolymers where local concentrations of’polar'groups N

occur together. Such strong polar interactions in.polyurethane block

‘copolymers can 1ead‘to:a_supra-mo1ecu1ar organisation resulting in -

aggregated'structUres; which may be in the form of glassy domeins or
gcrystaIIites. An'empirica1 estimate of .the energies of interactions

_ *between some common groups can be seen in Tab1e 1B. 1, and the high

. cohe51on energy of the urethane group w11] be noted. The summed inter-
-sacttons between hard segments conta1n1ng many urethane grOUps can be

"great enough to proV1de a pseudo crossl1nked network structure between ‘
:11near poTyurethane chains' by means of “hydrogen bond1ng and d1p01e--~
dipole interactions,.so that the polymer has the physical characteris:

tics  and mechanical” behaviour-at room temperature of a covalent]y cross—:

- Tinked network |
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TABLE 1B 1 Est1mated Cohesion Energ1es of Common Groups in Urethane

-Elastomers
o . S - .| Energy of: Cohesion
;‘G?QUP R o R T Q{J mole-]
Metby1ene' L _f;~'.CH2 - o ?: o ;;géz,“fﬁl
Oxygen.- . =0~ - A8
Carbonyt .~ -C- 1 TL10
_i{ _ -g _ \ ..: _
Carboxyl C-0- S o120
PhenyTene CSH4 - 5 16.30
0 “H

- T Lo
Urea C-N- . 35,30
Ursthane - =0 -C=N- N 36.60

The hard segments in po1yurethane b10ck copo1ymers part1cu1ar1y affect
the physical propert1es i.e. modu]us, hardness and' tear strength and
“determine . the upper use temperature:by: ‘their ability to remain assogia-

:-ted'et‘e1evated tempe:atures ‘The flexible blocks. pr1mar11y influence
the elastic nature of the product and .its. jow temperature peformance,

‘;and_they,make important contr1but1ons,towards.the hardness, tear strength

" and modulus. = o '

The morpho?ogy and properties, of po1yurethane b?ock copolymers have been
VsubJected to extensive 1nvest1gat1ons over the pest_decade40 45.

£
KN

Phase
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separat1on of ' the urethane hard segments 1nto m1croreg1ons termed
 domains, has.been’ observed even when.the .segment length is relatively
ﬂ} 'short.. The primary{ dr1ve force>for domain formation is the strong
;7,1ntermolecu1ar 1nteract1on between the’ urethane units which are”

' 4532Usua11y aromatic and have’ the capability. of forming 1nterurethane

lr hydrogen bonds. - Add1t1ona1 factors which affect the degree’ of micro-
'phase separat1on are segment length, copolymer composition, crysta111-s :
zability of either segment, and the‘methpd of 'sample fabrication., Hard

Segment domainS'Ean'COneiet of semicrystalline or g1assy'segments.

o They are separated by a rubbery matrix which is rich in soft segment
Ll though this soft.phase may contain some hard segients due to 1ncomp1ete

']3;m1crophase separation. Typical structures which result from the hard .
“and soft segment combination are shown in Figure 1B.7: :

e

Hard segments

—

1500mE

R

1500

™3

Stretching Direction

Soft segments

‘-:FIGURE 1B.1:  Hard and Soft Segments in‘?olyerethane,Eiastomef'

The structure and organisation,of the hard segment blocks have most
influence on the_phyéica]-and mechanical properties. Clough and
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Schnieder™ have summapised. the evidence indicating that in certain
elastomeric systems the hard- segments . undergo phase separation into -

| reg1ons wh1ch are now termed domauns. ‘Work by: Clough, Schneider and
King' R
'ja;'anaJyS1s and small. angle X-ray scattering. prOV1des further eV1dence -f'h L

i’ us1ng differential scann1ng ca10r1metry, thermomechan1ca1

for-both crysta111ne and non- crysta111ne doma1ns in var1ous e1astomers.

" Phase separation. occurs to a: Targer extent .in polyether based poly- ;&%/
' 'urethanes than 1n those W1th a poTyester soft segment40

‘As preV1ous1y described the urethane group is a h1gh1y polar group
'7‘wh1ch is associated W1th a.high. energy of cohesion and is capable of
. form1ng hydrogen bonds. .The extent and.pessible forms of hydrogen

bonding,is dependent on many factors including: the electron donating

ability, relative proportions and special arrangements of the proton-
~ acceptor gr&Ups 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 p]ace at ester-urethane, etherw
urethane, and urethane-urethane 11nkages as shown in Figure 1B.2.

_Seymour et a146 have. concluded that. essent1a11y all. the NH groups
| jnvolved in hydrogen bond1ng in both. po]yether (PTMG) and polyester

- (PTMA) polyurethanes are” der1ved from.MDI and butane diol. It was
“estimated that about 60% .of the NH groups in. the po1yether system were

aSSOC1ated with the hard block urethane. carbonyls (urethane -urethane _

‘:hydrogen bondlng) The rest being assoc1ated with the soft block ether .

~ Oxygens® (urethane ~ether hydrogen bondxng) " Because of several unresol-
- ved peaks 1n the carbony] region of the spectrum of the polyester poly-
'urethane it was not poss1b1e to. assess the relative contribution made

~ to the hydrogen bond1ng in. such systems by the two potential acceptors,
. ester ‘and urethane carbonyl, F1gure 18.2. _However the degree of phase |

separat1on would be expected to be. ‘Tess with the more polar polyester

than polyether and-this would give rise to a Tower 1eve1 of urethane-

48 1he degree"
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- to which the.hydrogén_bondihg contributes to.the physical properties
of the polymer is uncertain.. It:is’ be]meved that hydrogen bonding
“decreases as temperature increases. . However, 4§t 'is observed that
'szieven at 200°C there is sti11 some hydrogen bond1ng present46
49 and po]y(urethane urea)
- block copolymers support the view of 1ncomp1ete segregation of the
'f‘b1ocks ‘These general conclusions are further reinforced by many ]
- studies of the:thermal and. thermo-mechan1ca1 behaV1our of po1yurethane j.
block copo]ymers51 '

'Thermallanaiysis technique553’54-haVe been widely'usedeto determine

- the extént'of po]ymer.chain interactions and phase separation in
'?po1§urethane e]astomers. Among them differential scann1ng ca1or1-
”'metry (DSC) has been the most widely .used techn1que, and genera]ly

_ the observed transitions fall into ‘three main groups: .low temperature
“'trans1t1ons (betow 30°C) associated. w1th the glass transition temp-
erature of the soft block; trans1t10ns.1n the region 80- 150°C and
'h1gher.temperature transitions . (above 160°C)féssoCiated'with%the ther-
mal dissociation. of the hard b1ock.eggregates_whichfmay‘be crystalline
_or paracrystalline. : : |

" The end6therms occurring in the region of 80°C are 05ua1ﬁy‘e5cribed to

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

a “in the region of. 150°C to the break-up of. urethane hydrogen bonds

40,54,55. |

: It was found by Seymour56 ‘that annea11ng h1story will cause some increase

~in soft segment transition temperature from 80°C. to 150°C, At higher -

"lsgﬂannea11ng temperatures this’ tran51t1on is itself moved and- it even-

:.tua11y merges with”the trans1t1on above 160°c associated with the break-

j'.' up of .the hard block aggregates.‘ It is conszdered that ‘the endotherms
= observed in the'DSC traces can be attributed -to. the loss of Tong and

- short range order. Different. degrees of short range. order may exist
simuitaneous]y;due to.the)dlstr1but10n of hard block_lengths 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: 1nsens1t1ve to the degree of" order1ng present and
is affected pr1mar11y by the Tg of -the hard block. Hydrogen bond

| .d1ssoc1ationon1y occurs above the” Tg of ‘the. hard block. For.a pure:

'T'”fl;_MDI/butane diol’ homopo1ymer th1s Tg is:known’ to be . 109°057 but

' because of the short block . 1engths in polyurethane copolymers it is

_'“usua11y somewhat Tower ‘than this (80°C. for the- samp1es examined by

" Seymour) and for a given chem1ca1 composition .is. very dependent on
..the hard block Tength,

o Another feature of po]yurethane e]astomers wh1ch is worthy of mention,

CHis e1ongat1on crysta111sat1on. Segments that are essent1a11y amorphous
in. the. 1sotrop1c undeformed .state may. develop. cnysta111n1ty. upon

deformat1on {Figure .1B.3). This phenomenon is:commonly.referred: to

as "stress induced crystaliisation® and.its result. is to produce

: excellent ultimate tensile strength- propert1es. The fact that some

po1yurethanes e.g. those .based on po]ycaproiactone exh1b1t high tens11e

- strength and excellent wear and abras1on resistance, is’ attr1bUted to

“the ability.of the soft. segments to. stress crysta111se. The phenomena
- can be ‘usually observed when the poT. er 1s e10ngated dur1ng tensile

. The extension. and subsequent re]axation processes .in an elastomeric

.-;,p01yurethane block copo]ymer probany 1nvolves orjentation and restruc-'

turing of the molecular organ1sat10n 1n1t1a1]y present58 Upon a

Timited elongat1on, stress induced crysta111sat1on of the soft segment °

'~“ may occur, ‘Th: the case of . po]yether based elastomers, extension beyond

'approx1mately 150% g1ves rise to marked e1ongat1on crysta]]xsat1on of - the |

'Vifdsoft segments. Po1yger based e]astomers show. a Iower 1eve1 of crystai-

‘Tine order, presumably due t0.the more. 1rregu1ar chemical structure
.‘present. In their case, as the elastomer is further e]ongated.up to
'500% extension, the orientation of soft segments improves only to a
- -small extent (because of the crystalline force) while the hard segments
turn themselves with their.longitudinal axes.into the direction of
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FIGURE 1B.3: Schematic draW1ng of the. structure of a: polyether :

3 - polyurethane elastomer stretched to approximately 200%58
The thick strokes. represent hard segments and the thin
strokes soft segments.  Individual particularly strong
stretched soft segments are considered to-act as nuclei
~around which crystallisation can occur during elongation

elongation,  This effect is eXp]aihed in terms of force strands,i.e. -
' maximally loaded cha1ns in.the soft. segment which cppose any. further
extension. Further extension: therefore. requ1res sliding processes
between hard segments to. take place, resulting .in the formation of
new force strands. Continuation of this process will result in the -
_restructuringfof the hard b1ock5'in\hew arrangements, a process which = .
will be accelerated by heat treatment (Figure 1B.4).
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FIGURE 1B.4: Segmented po1yurethane elastomer at 500% extension and
pIaced in warm water at 80°C 58

The.phenomenon of microphase separation has been clearly demonstrated
by electron -microscope techniques where the presence of domains in
po1ye$ter and po1yethek based elastomers is revealed by staining
samples with iodine and observing darkened areas by transmission elec-
tron microsc0py59. The presence of a.crystallisable segment in a seg-
mented polyurethane elastomer system can Tead to the development of
large scale structures (termed 'superstructures'). Witkes®? et a1
have demonstrated this phenomendn in materials incapable of hydrogen
| bonding as well as hydrogen- -bonded elastomer56] It appears that the
superstructure entities (spherulites) contain preferentially or1entated
'dqma1ns (Figure 1B.5). . Spherulitic structure of the soft segment is
readily apparent at high soft segment content, whereas at lower soft
segment content, spheru11tes are formed by aggregat1on of hard segment
domains. S1ow1kOWSka 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 ab1]1ty to
crystallise. -
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FIGURE 1B.5: Possible models of spherulitic structure &1

The morphology and structure of polyurethane block copolymers has
“been reviewed in some detail®® and present views can be summarised
as follows: | L
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
~———--0of mixing of the hard and soft blocks.

2. . Hydrogen bonding can occur between hard and soft b1ocks,_
' 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
1B.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 constitgtidnand thermal history
of the polymer (Figure 18.7). '



37

\
p..-m (P-4 .Q\.ﬁ.to‘.ﬂvﬂﬂx\v Q.-“QT

Pl oA

9..ww..Q-..m.Qw?%vhk¢xH\$ - W.A,xe%e!\ﬁnv... Qr..i.)\( :

+

. m...h.u.n..h!n.\?uxo E.NAU k.nu..mlv.xc.xe.e.hrﬁu.c. .

ww.w

O.EO ou & WO.GO .nu.m.!nao.h,
X ,..O.Msa

,nvcnu,cocmwmgwnvqnmw R\
,,.O?.O .rc.,%%m« O&Oﬁm,m,m.uro.b»s

Diagrammatic repreéentation of the three-dimensional

63

FIGURE 1B.6:

gging the morphology before and

crosslinking structure (a) extended with butane diol

Schematic model depi
after heat treatmgnt

FIGURE 1B.7:
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. 1B.3: STRUCTURE- PROPERTY CORRELATIONS IN SEGMENTED POLYURETHANE
ELASTOMERS

The dependence of the structure-property relat1onsh1p of po]yurethane ."
~ block copolymer e]astomers on their chemical. composition (nature of

- .the po1yether or polyester soft. block, type of d11socyanate and

“chain extender, etc). and principal. phys1ca] propert1es are now well
recognised  and have:been extenswe1yreV1ewed51 .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. Thejsoft_matriX“having a low Tg influences properties

- particularly at Tow temperatures. .Hard segments "in the domains, act

as tiefpoints as well as reinforcing filler and multifunctional cross-

~ 1ink, and’ govern’ the- performance of the material at elevated tempera-
.’ture ‘The ana]ogy between hard segment domains in. polyurethane elas-
tomers and reinforcing. fillers in. convent1ona] rubbers, provides a
useful means of interpreting structure- property re1at10nsh1ps in seg-

- mented polyurethane elastomers, Itvis now generally. ‘recognised that

~ thermoplastic elastomers based on certain block copolymers derive their
-excellent physical properties.from their domain structures. . For example,
.in.such polymers as SBS. po]y(styrene -butad1ene styrene }-and SIS
po]y(styrenen-1soprene -styrene ) 1ncompat1b111ty of: the two" different
‘_blocks results in rigid segment . segregat1on of the- styrene segments and
‘thus in the formation. of discrete glassy, polystyrene domains embedded _
in a continuous soft,segment,matr1xxwh1ch 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 re1at10nsh1p js based on the same pr1nc1ples.. Like SBS or SIS
‘structures, segmented po]yurethanes have been shown. to. exh1b1t micro-
-phase’ separation. whereby the rigid segment aggregates are embedded in
the soft segment matr1x. Direct. compar1sons of domain’ structure rein-

- forcement in phase separated elastomeric block" copo1ymers and filler

reinforcement in conventional rubbers. have been inade by B1shop 64 et al.

They showed that' the reinforcement act1V1ty of a po]ystyrene domain is

M 2o
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‘comparable to that of a good re1nforC1ng carbon black (e g. HAF
~ .black). Increased proport1on of: hard segment. in segmented polyure-
| ‘thane elastomers is known to g1ve mater1a1s of h1gher modu?usGS, an
| effect also observed on 1ncrea51ng the . f111er content of conventional

| o ubbers.‘

The phenomenon of stress soften1ng on repeated extens1on is demonstra- '
ted in segmented polyurethane elastomers66 and:has been attr1buted to
d1srupt1on of doma1n structure, ]ead1ng to a- decrease in the number of
effective cross]1nk1ng s1tes67 68. Sm1th69 et al. have demonstrated
‘that at-a. given strain level, the. stress in phase separated e1astomer1c
block copo]ymers decreases as the temperature is ra1sed, due “to me1t1ng
S or soften1ng of domain structures,. whach therefore become ineffective
“as tie points and filler particles. - Introduction of chemzca].cross-

* Tinking, particularly between hardﬂsegments;:has been shown to lead

‘to ‘less aggregation of hard. segments'into“domains70;“resulting in
decrease of’ phys1ca1 properties, part1cu1ar1y a. 10wer1ng of modu]us
(ref1ect1ng the reduced filler: re1nforcement effect) '

_ Factors:which contribute to strength and toughness.in polyurethane

elastomers 1ay'particu1ar.empha5is on. the role of the dispersed phase,
and it’ should be noted that, as. a'general‘ru1e,'for'an1e1ast0mer to
retain strength over an extended range .of temperatures, presence of a

o d1spersed phase:is necessary. Such a d1spersed phase may. consist of

 high- temperature melting: crysta111ne ent1t1es, finely d1spersed filler
particles, or rigid segmented domain structures such as exist in po1y-
“urethane elastomers. . It.is important to.note.that maximum physical

- properties are obtained in.such polyurethane elastomer.if a high degree
: -,of'perfeCtion'of-microphase‘separationfeXists. | S

ﬁThe chemical’ structure present ina segmented po]yurethane elastomer
‘system can-be varied:in several d1st1nct ways.e



.. . Variation of the chemical structure. of the soft segment;

W N — R :

" Variation of the. chemical.structure of the hard' segment;
. Variation of the relative sizes of the hard and soft segments;
.T.'-‘Var1at1on of the degree and type of cova]ent cross11nk1ng. |

Frdm the“above diseussien -1t .is quite clear that selection of
reactants, their ratio and controlled manner of. 1ntroduct1on will -

. .control the structure of po1yurethane elastomers. The effect of
reactants, ‘segment size,’ and cross]1nk1ng on. propertzes of po]yure-
thanes is discussed.in the following section.

" 1B.3.1 Effect of Soft.Segment Structure

The so?tfsegments in. polyurethane e1estomers.great1y influence the
elastic nature of: the material and. also, its 1OW'temperatUre‘proper-
ties. There are'two major classes of. po]yols used An poiyurethane .
- synthes1s.

1. - Polyether - Iinear.bo1yether”ﬁ%th or without pendant chein;
-2, . Polyester - linear polyester with.or without pendant chain.

. These a]iphatic polyols have low glass transition temperatures (beow

- room’. temperature) and are genera11y amorphous or have Tow melting -

'.‘po1nts Selection of p01y01 depends on the requirement of the physi-
~cal. property of products “Polyethers. generally give eIastomers having
- a Tower Tevel of phys1ca1 propert1es than the polyester based materials

due to the weaker 1ntercha1n attraction. Many polyether or polyester

. o mater1a1s crysta111se on extension.due.to. their structural: regu]ar1ty
c eand this :is thought' to be an-important factor contributing to their

“ high tensile strengths. The higher elongation at break shown by the
~ polyether material .can also.be explained by the weaker;interehain
attractive forces present, ~allowing. increased chain sTippage and

- disentanglement. Low molecular we1ght polyo1s or short sequence |
‘1engths of soft segments tend ‘to 1ncrease the concentrat1on of urethane



41

groUps*énd'consequentlyfpo1yﬂrethanes-with a greater degree of

. physical bonding and‘highimechanicai“properties will be obtained.

- Introduction of a peridaht group onto ‘the. pd]yoT chain, causes
increase in chain separat1on, reduces 1ntercha1n packing’ and f1na11y
resu]ts in. 1nfer1or physxca] strength property

_rPo1yethers genera11y have better. Tow temperature propert1es than

- polyesters. due’ to Tow’ gTass trans1t1on temperaturesB] Po1yether

'__ based mater1a1s also’ show far superior hydro1yt1c stab111ty

.

t; shown by the fo]IOW1ng values (Table.1B. 2), because the ether groups

are more res1stant to hydro]yt1c attack than the ester groups.

CTABLE 1B.2: Effect of polyol on hydro1ys1s properties of.polyurethane:

_ - : _ % Tens11e Strength*

"Polyol ‘ o Type - "~ Retained on

: L ' S Hydrolysis
PoTyethy1ene adipate g1yco1, PEA. .~ Po]yester 40
Po1yhexamethy1ene ad1pate - - " o -
glycol PHA Polyester | 30.
Po]y-oxytetramethylene | i . N '
glycol o POTM " Eo]yether . .-88
;Po1y—oxypr0py1ene g1ycol | POP Polyetherij‘- 88

*21 days in water at 70°C .

| ;The effects of- po1on type and urethane-urea. components have been d1s-
- cussed by Ferrar172. A summary of .his results is g1ven in the fol]ow1ng
" Table 1B.3. | |
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TABLE 1B.3: Effect of po]yether and po]yester on’ propert1es of urethane
' - e]astomer - a compar1son o

Type 1 1o e I IV
Cost . - o 2 2 2 1
Processing ease = - [|¥" 2 2 1 1
Toughness - N 1 2 3
Abrasion res1stance 1 s 27 3
Solvent resistance. i "2 -3 3
i odastive |y ;
Brittie point 3 1 1 3
| Resilience 3 2 1 3
Heat build-up 3 2 1 1-2
Humidity resistance -3 3 _ 2.1 2
Key: ~ 1 is very good =~ . . .1 is polyethylene adipate
- 2 1is good L IT:. is’ mixed-glycol adipate \
-+ 3. is fair.or poor - IIT is po]ytetramethy]eneether .

-g]ycol
IV s polyoxypropylene glycol

Vaniation‘of:pOTyestef.Structure73fhas much .the same effect on properties

~as was shown for:polyethers, i.e. the general effect of side groups is

to prevent‘on=hinder.crystai]isation on extension. and to decrease inter-
chain attractive forces, resulting in 10wer‘ten$i]e'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: 1ncrea31ng ester group content74. This

- has been explained by the presence of residual polyester crysta111n1ty

“on relaxation, The undesirable tendency. of. some polyesters to crysta111se_
“and. produce cold hardening in polyurethane elastomers can be avo1ded by
the use of copolyesters which possess. structnral irregularity.
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The molecular weight of the soft segment has a marked influence over
the final elastomer properties. In a‘study-of'po1ycaprolactohe based .
d’® et al showed that the Tg of. ‘the soft segment
shifted to h1gher temperatures as the molecular weight of the po]y-‘- i
:‘-capro1actone decreased _This is 1nd1cat1ve of-the restrictionon -
d"the mobility of the soft segment. by the. r1g1d hard segments’ as- the _
"compat1b111ty,1ncreases.at.the Tower molecular weights. (Table 1B.4). L
" Very. low molecular weight offsoft:segment (pelow 600) gives poorly
~elastic, hard materials, whereas high molecilar weights give soft
‘materials having poor physical properties. | o

) TABLE 1B.4: Effect. of molecular weight of po]ycaprolactone on the
o v Tg of poTyurethanes :

MW { 340 530 ‘| 830 1250 2100 3130

Tgo% | 83 | 25 | =10 { -27 | -40 -45

- The po]ymer used. was based on po]ycaprolactone/MDI/] 4 BD w1th mo]ar
o rat1o 1/2/1. '

s,‘lB 3 2 Effect. of Hard Segment Structure

- As mentioned earlier, hard segments An elastomer1c po]yurethanes are’
' usually formed. by the .reaction of .a d11socyanate with a. diol or d1am1ne
.. chain extender to g1ve a‘rigid. po1yurethane or. polyurea, structure.‘-

. The propert1es of the hard. segments determ1ne the interchain inter-
"‘ﬂ:act1ons in the elastomers: to a large extent,. due to. the high- concen-

tration of . polar groups. and.so.determine. the: network ‘structure! in
these materials. Hard segments s1gn1f1cant1y affect mechan1ca1 proper- |
t1es, particularly modulus, hardness and tear strength.. The performance
of-elastomers at e1evated.temperatures,is:very‘much dependent on the -

strﬂcturesof,the hard segment and its ability to remain asseciated 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 propert1es of polyurethane e]astomers w111 be

considered respect1ve1y

1B.3.2.1 . Effeut of D11socyanates

Thn diisocyanate ncmnonen.. can exert.a significant 1nf1ueﬁce on poiy-
urethane elas:omer properties. The effect‘of the diisocyanate struc-
ture. on the physical properties of these materials has been investi-

j:'gated by severa]'worker57?71’73’75?

Po]yurethanes.haVing”the highest

‘levels of modulus, tear and.tensile strengths are obtained. by the use
~of the. most rigid, bu]ky and symmetr1ca1 d11socyanate Table 1B. 5
1]1ustrates this genera1 re1at1on¢h1p73

TABLE 1B.5: Effect of d11socyanate structure on phy51ca1 prOpert1es

“of segmented. p0|yurezhane elastomers

diisocyanate (MDI)

600

Tensile E]ongat1on Tear 300% {Hardness
Diisocyanate Strength | at Break [Strength|Modulusi (Shore A
(MPa) % (kN/m) } (MPa)

p= pheny1ene d11socyanate 44 .1 600 52.5 | i15.8 72
"(PPDI)’ o . : '
1,5-naphthalene diiso- | 29.4 | 500 | 35.3 | 20.6| 80
cyanate (NDI) o : '
Mixed isomei of toTuene A o : '
diisocyanate (2,4~ and: 31.4 600 26.5 2.5 40
2,6-T01) - | - | |
4,4'-diphenyl methane’ + | 54.4 7.1} 110 6

" The data of Table IB 5 shows that the bulky 1,5-NDI y1eldq a po1yurethane
with higher modulus and hardness than the single aromatic r1ng 'PPDI and
‘the more flexible MDI molecules Asymmetr1ca] molecules, as represented
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by the 2 4/2 6-TDI comb1nat1on, g1ve e]astomers of tow modulus and Co
" hardness. - Tensile strength and: tear strength are also shown to be -
greater in the case nf symmetr1ca1 mo]ecu]es,‘part1cu1arly those
based on the 1.4-substitutedbenzenering.system'(PPDIf%and MDI). .

in po1yurethane e1astomers apparent1y

= The diisocyanate . Q‘QGKS‘

o influence the ability of. the. polymer cha1ns to align. themse1ves and

will clearly: affect the deve]opment of .interchain structure by hydro- ;
gen bonding. The Tow temperature properties of po1yurethane elasto-
_.mers are, however, only’ moderately. affected by. the d11socyanate used73
. The effect .of d1fferent d11socyanates on the Tg of po]y(ethy]ene ad1-
~ pate) and butane diol based e1astomers has been reported by Aitken
_and Jeffs (Table 1B.6). The 1socyanates used were MDI, TDI (m1xed
2 4. and 2,6 1somers) HDI, H12MDI and IPDI.

TABLE 1B.6: Effect of d1fferent d11socyanates on Tg of the polyure- '
R -thane elastomer ‘ o

Diisccyanate TOI . HDI WML IPDI - MDI
Tg °c | -6 -42 -39 -32to-35 =31

The PU poTymer was based on. po1yethy]ene ad1pate (Mw 2000j/diiseqya- |
'_nate/1 4-8D with molar rat1o ]/4/3 ' . R

- The Tg of the TDI»based.systemt(TJGQC) was higher_thanjthe'MDI based E
system,(—31°C), indicative of. reduced phase Separationiin'the TDI based.
~ system. However, the Tgs of the aliphatic diisocyanate based systems o
. .wereTower than.the MDI,. suggesting‘increased'phase separation and this
‘was attributed to the stronger hydrogen bond1ng in the hard segment
‘domain with aliphatic diisocyanates. |
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18.3.2.2 Effect of Cha1n Extenders

Chain extenders most common1y employed in’ polyurethane e]astomers

are d1o1s and diamines.. Diols give elastomers having polyurethane |
hard segments, whereas diamines form ponurea hard segments.. This -

: ffundamenta1 structural d1fference between diol and diamine extended -

 materials’ generally leads to differences in.physical properties

between the two classes. When. a- diamine. is employed as chain extender

'*_a higher level of physical. properties often.results than if a diol -
“were used, probably due. to Antroduction of urea- Tinkages which enter _

~ into strong hydrogen-bonded interactions. .A diamine is usuaT]y chosen

| :3 as the chain extender when:a .relatively unsymmetr1cal diisocyanate

e. g. 2,4-TDI) is. employed in a po?yurethane elastomer system. Strong
“intermolecular attractive forces.between urea groups compensate for

 structural irregu]arities due to the diisocyanate:. The effect of

diamine structure on properties of.a ponoxytetramethyTene diol/TDI
elastomer system was investigated by Samson and Blaich 7. The repor-
- ted data are given in the Table1B.7.

Many diamines are too reactive.for. use as:chéfe'extenders in the prep-
aration of bu1k‘e1astomers, as.insufficient time is available for
adequate mixing and pouring before gelation occurs. The most commonly - -
used diamine chein‘extenderQin'commercialJelastomer_systems is MOCA,

" which combines.a practical- reactivity: rate with a high Tevel.of physi-
cal properties:in the final elastomer. A major disadvantage in the use
_ of aromatic diamines is- the suspected carc1nogen1c act1V1ty associated
with many of ‘these mater1a1s part1cu1ar1y 4;4'-diamino b1pheny1 _ '
(benzidine) and .its derivatives, although giving e1astomers hav1ng
'exce]]ent phys1ca1 properties. -

Diols are: often. preferred as chain extenders in. systems based oh

"‘symmetr1cal d11socyanate (e.qg. MDI), where intermolecular attract1on :
forces are favoured. The effect of different glycol chain extendera on
'physical'properties ef polyurethane elastomers is given in Table 1B.8,
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TABLE 1B.7: Effect of diamine structure on. phys1ca1 propert1es of
: ‘ " polyurethane elastomers*

© ‘ +
(=} (%] Y o
. = = p= o+
S _ = =2 3 c 1=
Diamine e 2 = S| @ Y
- e — —_ e oE =
0 Qo bl ] . wR M [ =3+ ] o e ="
= Lo I = VO fan = o Q o -~ 0
o 4+ o= o= — . v =
[ andl 20 B — [ = uim G — - w
3”5 '-dichloro- 4'4 diamino- | 1. o 3
d1pheny1methane (MOCA) ' 34'5 6.4 114.5 -f50 ] 83.4. 1 91
|4, 4‘-d1am1nod1pheny1- . 3 I
| méthane ‘ 0.5 7.9 |11 ) 520 | 942 | 36
1, 4—d1am1nobenzene .| 16.0 10.8* 16.0 300 {112.8 91
S 13,3 d1methyoxy-4 4'- ; . _ ) '
'd1am1nob1phgny1 _ 17.0_ 5.1. 7.6 75§Q 72.6 - { 93
3,3'-dimethyl-4,4'- - : - _
' d1am1nob1pheny1 o 48.3 I?f?.‘ 21'5 550 118.7 95.
4,4 d1am1nob1pheny1 -] 29.9 “8;2 16.1 470 | 991 | 36
3 3'-d1ch1oro-4;4'- . .y _ : _
diaminobiphenyl 3.6 |11.7.-|28.1. .390 109.9 | 94

* Prepared from Ad1prene L100 (a polyether/TDI prepolymer by Du Pont)
s and ca 85% of the theoret1ca1 diamine based on NCO content..

- TABLE 1B‘8 Effect of diol structure on phys1ca1 propert1es of po1yure-
e thane e1as+omers ' o |

biol . Tensile 300% | Elongation |Hardness-

: ‘ : Strength Modulus - | at Break | Shore A

(MPa) - (MPa) @ 1 ]
‘Ethylene'gTyéol' '_ . 44,8 "13.8 | 500 | 61
1,3-propane diol - 45.5 | 6.6 600 . 1 61
1,4-butane diel = | 5457 6.9 600 | 61
1,5-pentane diol . 49.0 | 6.2 | - 600 62
1,6-hexane diol 51.0 5.9 500 60
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which compares the pHySica1 properties of chain extended polyethy-
~lene adipate/MDI prepolymer with a homologous series of dio1s75.

" The high modulus of the ethylene glycol extended material is thought
" to be due to the presence of the (CHZ)Q group in both the hard and
- soft blocks a11ow1ng 1ncreased structural. regu1ar1ty A s1m11ar
. effect is po1nted out by Scho11enberger7] in the case of a polytetra-
‘ ‘methyTene/MDI mater1a1 extended with 1,4-butane diel. In the case of
diol extended materials a significant proportion of cross1ihking_i;
~ often introduced by the use of a triol such as’ trimethylol propane
(TMP}. '

. \I.‘

1B.3.3 "Effect of Segment Size

~ Several inve%tigations have been made into.the effect of varying the
'size of hard.and soft: segments in polyurethane elastomérs. In an
~attempi to 1nves;1gate the effect of segment size and polydispersity
~on hard segment crystallinity and mater1a1‘properties, Ng et a173 con-
ducted a thorough characterisation of.pipefazine/BD/PTMO-based poly-
urethanes which possessed a well-defined segment molecular weight and.
molecular weight distribution and no poss1b111ty for intermolecular:
- hydrogen bonding. They found that copolymers with.a narrow hard seg-
ment Tength distribution exhibited better m1crophase separat1on, -
_higher modulus, and h1gher e1ongat1on at break than equ1va1ent mate-
- rials conta1n1ng polyd1spetsed.hard‘segments. Harre?179 reported that”
- ‘a hard segment'consisting of two piperazine units extended by BD - |
¢ v exhibited a sharp and distinct. me1t1ng point at about 50%. The me1ting'
- point of the fam11y of p1peraz1ne based polyurethanes. 1ncreased as the
~ hard segment Tength increased.” In a POP/TDI/MOCA- based po]yurethane 0
- increased molecular weight of the polyether softtsegment is' found to
-give a decrease in tensile strength, moduTus, hardness and tear'strength;
but increased abrasion resistance. In a water extended poly(ethylene-
' CO—probylehe.adipate)/MDI systeﬁ increased polyester molecular'weiéht
T is accompanied by a decrease in modu]usBl. The effect of urethane
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concentration on propert1es of po1yurethane elastomers .has been
82,83

' ”_studzed by Smith and. Magnusson . -They showed' that the 1ncrease

21" Tg with increasing urethane concentration for polyoxypropylene

. diol based elastomers, gives rise to an 1ncrease.1n tensile strength,

‘measured at ambient temperature. The effect of variation in polyure-
. fthane‘concentration on tensile strength in.a system based on POP/TDI
- gives increased tensile strength, a.correlation which is not found .
between degree of crosslinking and. tensile strength.. Tear strength
was found to increase 'to a maximum and then decrease with further .
o increase'in urethane concentrationdintofa.polyester/MDI system extended
“with 1,4-butane di01%%, presumably-due to the disruptive effect of |
excessive bulky MDI grbups.“ These results indicate. the general
_ '1ncrease in strength propert1es (tensile strength modulus, hardness,
 tear strength) assoc1ated w1th ‘increased urethane concentrat1on in
. ponurethane elastomers. '

' 1B.3.4 Effect of Crosslinking

The crosslinking of po]ymer cha1ns is. of primary 1mportance in control- .
"_I1ng many- po]ymer properties. Large increases in-the degree of cross-
h11nk1ng make amorphous .polymers more" r1g1d_and cause them to have higher
:tsoftening points-and higher;modu1us..reduce elongation and swelling by
solvents, and raise the‘g1ass trahsitidn temperatures Chemica]'cross- '
Tinking in segmented polyurethane e]astomers can be produced by the
following ways:

1. - The use of an_excess ofsthe,diisocyanate which can react with
' “chain backbone urethane.or-urea linkages to give allophanate,
biuret and isocyanurate groups.

: 2. - The use of a branched ho1yether erlpo1yester having hydroxyl -
o - functionality greater than two.
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3. ~ The fnconporation of a low molecular weight triol in the
reactions,ae;g. trimethy]o1propane(Thnp). E

P1gott et a173 1nvest1gated the effect of- chem1ca1 crosslinking on
" properties in a. po1yethy1ene ad1pate/MDI/I,4 -BDO based po1yurethane

'kaeiastomer. - The extent of- crossl1nk1ng was:. 1ncreased by using vary1ng
v amounts of TMP .combined with.1,4- BDO.chain extender.. Resilts showed

that increased degree. of. crosslinking in.this system 1s accompan1ed
by a decrease in tensile strength, eléngation at break “modulus, :
~hardness and’ tear strength. Modulus and tensile strength were found -
to decrease to a minimum.and then increase_(sharpiy'in the case of _'
'v'modulus) at very high: degrees of crosslinking. Volume swelling of n
= ejastomers in dimethyl acetamide decreased as expected with increa-
sing dégree of crosslinking. ' '

Smith and'Magnusson82'inVestigated the effect of crosslinking on Tg

- in a series of POP/TDI/TMP- -based elastomers. They‘found'no signifi-
cant effect on Tg as the degree of crossl1nk1ng increased. . TensiTe
strength was' found to vary only s]1ght1y, whereas.the modulus increa-
sed and the elongation at 'break decreased. Po1yether'based‘e1astomers '
extended with diols also. have been found to show ‘increased. hardness and
“modulus WIth 1ncreased degree of cross'hnkmg73 '

aFrom the above cons1derat1ons, it 1s seen that e]astomers haV1ng

~strong secondary -interactions’ (e.g. po1yester based mater1a]s), tend

“to suffer a general decreaSe3an,phys1cal.propert1es.as.the extent of

_ crosslinkingvinCreases, whereas e1astomers.which:havenrelatively weak
Ffsecondary'inteFChain interactions. (e.g. polyethefibased'matenials), show
. a.general 1ncrease in physical properties.with 1ncreas1ng cross]1nk
“den51ty Th1s is. due Targely to the Influence of non-covalent inter- _
mo]ecular attractive forces such as’ hydrogen bond1ng, thCh lose their
effectiveness as increased chem1ca1 cross11nk1ng causes 1ncreased chain
separat1on in-the linear polymer. Hav11k and Sm1th demonstrated the
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importance of these nonecova1ent interactions in a soluble polyure-
" thane elastomer based on po1yoxypropy1ene di01/2,4-TDI extended W1th

. 2,4~toluene diamine. Th1s mater1a1 showed a high modulus compared
. -with a chemically crossTinkined elastomer based on the same system.
. “This effect has been: exp1a1ned by the disruption of non-covalent’

- “intermolecular forces. by ‘the introduction of chemical cross11nks"
wh1ch cause spat1a1 separation of polymer cha1ns._--” ' '

[

””if‘,sasaki'et'aIBG have investigated the effect of isocyanurate crosslinks--

o _:ph1de

in a polyoxypropylene diol based elastomer. Modulus was found to
increase Tinearly with crossl1nk density, and 1t was suggested that
this effect was due.to format1on of 1socyanurate r1ngs into r1g1d
domain . aggregat1ons. '

In addition to the items a]ready mentioned, perox1des and squhur are
also used as methods of cross]1nk1ng spec1a11sed types of poiyurethane |
e1astomers. o : .

Theﬁpresente of -C=C- groups as a pendant'group'to the main chain struc-
ture of PU elastomers provtde sites for. conventional su1phunjcross1inking.
‘to occur. 'Sulphur is.combined .in the vulcanisation network in a number
ofdways. ‘As crosslinks, it may be present as monosu1ph1de, d1su1ph1de,

"polysu1ph1de, pendant su]ph1de cyc11c monosu1ph1de and cyc]1c disul-
158

Peroxide cufing is.a universal method of crosslinking.all elastomers

- and s anp]icéb]e to the millable urethane grades which do not need the

unsaturated groups added wh1ch are essential in the su]phur curing pro-
cess and hence both saturated and unsaturated millable urethane types !
can utilise, _peroxide curing.. The. reaction mechanism is essent1a11y free
radical in type giving rise to short Tength, therma]1y stable, carbon-

-carbon cross11nks between the high molecu]e cha1n5159.
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Some commercially available millable po1y0rethane'e]astpmers are

* ‘given in Table 1B.9. The millable crosslinkable urethane rubber

- Tisted in Table 1B.9 can be modified with a variety of compounding
' ;1ngred1ents such as f111ers and p1a$t1c1sers to meet specific pro-,
fcess1ng and end -use requ1rements, Just as w1th other rubbers

~ TABLE 1B.9: Some typical millable polyurethane elastomers

* . Trade: Name of Series _ Supplierii «
Millathane - TSE- (USA) -
. Notedone Ltd (UK)
Uréﬁén . Bayer
”"Ad1prene Unfroyal
_V1brathane

Uniroyal
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1C.. . THERMAL. STABILITY.OF POLYMERS

- The present section .contains first a brief. genera1 d1scussion on the -
© thermal stab111ty of polymers, and this is followed by.a rev1ew of

- the effect of different chemical structures and crossl1nk1ng on the r
- thermal stability of po!yurethanes. ‘The final part outlines the

o objective of the research as’ related to the re1at1onsh1ps d1scussed

1C.1 INTRODUCTION

One. of .the newest spec1a11ty areas within po]ymer science is that of

. high temperature or thermally stable materials. "It has been recog-

nised as a separate area within po1ymer chemistry for near]y 25 years.

Polymers, dur1ng their normal.service 11fe, are frequent]y exposed to

a variety of deter1orat1ng influences such as heat. oxidative attack N

“and solvalyt1c degradat1on.‘ The stab111ty of a material to those
destruct1ve forces can be interpreted in the retention of a g1ven set

. of mechanical propert1es under spec1fied test .conditions, or in the
capability of the polymer to retain.its. chemical structure under severe
- conditions over extended periods of time.

Therma].stabi]ity.af a pQIymeriC'materiaIets normally expressed in terms

of a specific temperature or'temperature-time limit within which the
polymer can be used without excessive loss of properties. There are

two fundamenta]]y d1fferent mechanisms of property 105587
1,7 ~ Physical or.reversib]e changes; .
2. Chemical or irreversible processes.

The physical changes,'cohsisting specifically of'glaes transition,
me1t1ng or crystailisation phenomena and changes in polymer morpho1ogy
- are self-evident controlling the performance of thermop]ast1c materials
which ordinarily melt and become useless before,f1na11y decomposing.
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These changes are primarily temperature. dependent, for example the .
. thermal 1nstab111ty of .polystyrene occurs between 70- 1109¢, the
_11m1tat1on of its use therefore is totally determ1ned by soften1ng
before decompesition occurs. -

_ Irreversibie changes are of importance in the detefminatibn'of the

" high temberature endurance of thermosets and crosslinked polymers,

“as well as in.those linear materials in which melting does mot take
place before scission of primary bonds. has occurred to a considerable
degree. These processes are both.temperature and. time dependent and
' j"stabiTity,is‘therefbre generally expressed. in terms of rates of decom-

~ position (or brOpertyHIOSS)‘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 differént]y;if heated in a closed system.where the degradation
‘products can takevpart in secondary reactions rather than in an open

system which provides for continuous removal- of in situ formed vola-
tile compounds. Irregularities in the polymer structure, branching,
thain ends, peroxides,'impurifies or abstractable hydrogen as well as
.~ neighbouring group effects- 1ead1ng to the.formation of ‘transition .:

~ states with low activation energies nearly always cause’ breakage of

- polymer chains. at con31derab1y lower temperature than theoratzca] con—
s1derat1ons wou1d pred1ct. '

Both oxidative and solvalytic stab111ty of polymers have been a matter
of great concern “in.many " of - their applications. Attack by oxygen is
one of the most 1mportant deter1orat1ng Ainfluences . a polymer may have
. to endure. Po]ymers containing ester, amide, urethane or urea groups
- are sensitive to hydrolytic cleavage. Both acidic and basic contami-
-nations are cata]vsts for this type of breakdown and the1r presence
'genera11y reduces polymer stab111ty marked]y
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The requirements for use. of a.polymer at high temperatures may be
very s1mp1y stated8 -

1. _ Retent1on of mechan1ca1 propert1es, h1gh (meltzng) soften1ng
' po1nt : z
'-::2._' “High resistance to thermal breakdown.
3. - H1gh re51stance to chem1ca1 attack, 1. e. ox1dat1ve, hydro1ys1s

"The'sdftening*point:can be raised by,increasiné_the:intermo]ecu]ar

forces between chains.. This can be done by intdrporating polar side
- grbups,zbyrincreasing the opportunities for hydrogen bonding, and by
actua]ﬁtheﬁica1 crosslinking of the chains. Other methods are to
increase. the regularity of.the chain with p0551b1e consequent increase
in the degree .of crystallinity:by incorporation of bulky cyc11c groups,
especially para-linked, -in the main backbone89

SimpTe thermal stability.is inf]uenﬁed.by‘the-étrength"of chemical

bonds and it:is axiomatic that combination.of atoms with known weak
"wbond'strengthS‘shOUId not be.used. Perhaps the most useful data guiding
“the search for heat resistant polymers has come from the study of the
‘thermal stabilities and mechanisms. of therma] breakdown of sets of
polymers of c]ose]y related structures. ConS1der1ng the total data

the following generalisations can be made88

' ,To5attain‘high'fherma1 stébi]ity-

a)-only the strongest. chemical bonds shou]d be used"'

- b) - the structure should allow no easy paths for rearrangement
' -reactions; . |

c) | there- should be a maximum use of resonance stab111sat1on,
d) -all r1ng structures. should have normal bond ang]es,

e) ‘po1ybond1ng should be ut111sed as much as poss1b1e. .
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‘_ 1C.2.  THERMAL. STABILITY OF POLYURETHANES

Po1yurethanes are an extreme1y complex class.of po1ymers Th1s is not
j only because of the enormous .structural diversity.in the- isocyanate
. and glycol port1ons of -the polymers. but: also because: of :the presence,

" in many of ‘the commercially. most. important polymers, of a variety of

_chem1ca1 entities, other than urethanes.  Notable among these.ent1-

' ‘"eit1es are 1socyanate “derived. groups: urea, isocyanurate, allophanate,

" biuret, uretedion and carbod11m1de_which‘gan.form,in varying amounts
.* during poly ane preparaiion, as well as the two Tlinkages most
-l common]y present in urethane polymers wh1ch are not 1socyanate—
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 a194. They demonstrated that S- tr1az1ne
derivatives are therma]ly stab1e compounds

-Backuseta]93 investigafed‘the‘flammabi1itj.énd'therma1‘stability of

.isocyanate-based polymers . in a series of model polyurethanes and poly-
ureas’ by react1ng 4,4'-diphenyl-methane diisocyanate or po]y1socyana~
-tes haV1ng s1m11ar poTybenzyl structures ‘with aliphatic or aromatic -
coreactants. .F1ame_res1stant ponmers 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-
',m1n1ng the therma] stab111ty of polyurethanes are the. nature of the '

"f'start1ng mater1a1 and the cond1t1ons of po]ymer preparat1on

1C:3 EFFECT OF CHEMICAL STRUCTURE

- As mentioned above, the thermal stability of polyurethanes depends on
“the chemica]jeomeosition:of‘the-materials,used in po]yurethane'formu-
lations. .This is true not only.for thermal stability in the physiea1 e
‘meaning of the term, i.e. the stability that is reflected in sucb
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reversible changes as melting or softening, but also in the chemical
étability that is connected with the diSsociation of urethane Tink-
ages and which commonly takes place in the . range’ of 200-2500C. To
a certain degree the nature of the soft segment (ether or ester groups)"
i ~also affects the chem1ca1 stability of. these poiymers._ -

The melting point of linear po1yupethanes can, in.some cases, exceed
200%. It depends'noﬂ only.on the nature and mo1ar-patios of . the com-
oponents,‘but=a130"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 cond1t1ons96 The
dependence of thermal stability of. poly(ester-urethane). elastomers on
their compos1t1on was investigated by Ma51u1an1sg7a He reported that
for po1yurethanes of hard segment content above 30%, the best ch01ce
of chain extender was. hydroguinone di{g- hydroxy-ethy])ether (HQEE)
_where good thermomechanical stability is needed; he also found that

- the stability of bisphenol-A-based PU po1ymer5'is7rather poor.. He
also demonstrated that: ‘the thermal stability of 4,4'-dicyclohexylme-
thane diisocyanate: (HIZMDI) -based po]yurethanes s .inferior to the
“ones ‘derived from 4,4'- d1pheny1-methane d11socyanate (MDI) -derived
po?ymers. '

Increase in cross11nk dens1ty. type of cross]1nk1ng and 1ntroductlon
of . 1socyanurate ring structures in the polymer chain backbone aiso
?has a strong. beneficial effect on the thermal stab111ty of po1yure—
thanes. The selection of the diisocyanate also has a d1st1nct .
: 1nf1uence on the thermal stab111ty of the polyurethanes. Some of the :
'parameters to be considered if. attempting to prepare polyurethanes- '
'W1th opt1mum thermores1stance can be Tisted as fo]lows-

1. Choice .of diieocyanate -
2. . Choice of hydroxyl: component
' a) . ‘polyester
b) polyether
c) chain extender
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3. Type and density of.crosslinks .
4. - Introduction of thermaIly stab]e (non -urethane) 11nkages

The ieocyanate derivatiVesimOSt freqeehtly eﬁcoUntefed in urethane -
polymers can be arranged in.the following order of decreasing thermo- -
stability: ' : B ' '

0
i
v N 0 0 0 0
-N N [ o
I - | >=NHCNH- > ~NH-C-0- > -_l|\ICNH- > -Il\I-C-O-
o\/ 0  -NH - -NH
- : - D
Isocyanurate. ~ - Urea - Urethane Biuret . Allophanate

| Maximum thermal stabi]ity-—fDecreasing4+ Minimum thermal stability :

_ 1C 3 1 Effect of Hard Segment :

It was recogn1sed prev1ously that the retention of propert1es at ele-
vated temperatures was aided by chem1ca1 cross]1nk1ng, by 1nterm01e-

~ cular attractions and the presence of hard segments’infthe'chain1g.
While the crosslinks could be in either the hard or soft segments of

~the block copolymers, the 1ntermo1ecu1ar attract1onland hard segments‘
would be operat1ve pr1mar11y in the hard b!ock Thus, ‘whereas the

soft segment would control Tow ‘temperature flex1b111ty to a 1arge

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 crystallites, especia11y when
the polymer is elongated, serving as physical crosslinks. The strength
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of the crystallite’(i.e. its me1ting_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 symmetrica1 diisdtyanates and Unbranched'gichIs may be
preférred for this segment. In research d1rected ]argely towards
spandex type urethane elastomers, but. app11cab1e to many others,

- Britain investigated the symmetry of an aromatic polyurethane hard
‘segment, and its:effect on. temperature res1stance98 - Data in Table
1C.1 clearly show the improvement of. temperature resistance as. -the

. symmetry of the hard segment is .improved by increasing the isomeric

purity of MDI.

TABLE Té.l: The effect of hard segment symmetry bn the temperature .
' resistance of polyester-MDI-butanediol elastomers

2,4' isomey  in MDI, 4. .- Heat Distortion Temp, OC
15 N P
10.8 RIS £
5.4 1 138
0 | o 18

As. mentioned before, one of.the main factors determining'the thermal
‘stability of. po]yurethanes 1s.the nature of ‘the start1ng materials.
Table 1C.2 can be used as a guide to show the effect of chemical struc-
. ture of some.start1ng material on urethane thermal stab111ty6

Aliphatic isocyanates, give urethanes with,highef.thermal'étabi1ity.

~ Accordingly the dissociation temperatures of bisphenylcarbamates of
the three commercially important diisocyanates 2,4-toluene diisocya-
nate (TDI), 4,4'-diphenylmethane d11socyanate (MDI) and hexamethy1ene
d11socyanate (HDI} increase in the, order

! ﬁ" PR AT LR ’w'r v ] -
i‘iﬁSf 1t ?rma'l 'stab3 lu;y) ,ﬂ;‘,m e ﬁﬁ'ﬁ‘ ;ﬁ" TR

Eg? Wf-‘fg .
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TABLE 1C.2: The 1nf1uence of the type of urethane group on heat -
stability

‘fw-’u Iy

}_hv rb z3mat K»maxmmm‘gﬁem ra ur-

Type of Urethane Group -L Dfﬁstdbr¥1ﬁyﬁl?~}*umu ; w(g

n-Alky1-NH-C00-n-Alkyl - | . 250

- Aryl =NH-COO-n-Alkyl | 200
n-Alky1-NH-C00- Aryl . . 180
Aryl -NH-COO- Ary1 120

By D'Aiétudy of therma]"stability'of model urethane compounds in argon,
(Table 1C. 3), it is shown that thermal decomposition does not take place
“below 166°C.” The influence of alicyclic 1socyanate structure and a11-
phat1c cha1n extender can also be not1f1ed95

‘As a general rule, the stability of N-substituted carbamates increases -
with decreasing reactivity of the parent isocyanate. Thus “urethanes

(A} in the following series were found to be-inéreasingTy thermostabIé?Q:
S (A)
R-N-C-0-R*

"(Igvvést R = chlorosulfony}<p-nitrophenyl<phenyl<benzyl<n-alkyl
. thermal . ' ) . _ ' L . _
stability) <cyclohexyl<tertiary butyl (highest thermal stability)

The stability of urethanes (A) depends on the type of hydroxyl compound
used in their preparation and generally decreases in the qrder:

(highest R' pr1mary a1ky1>secondary alky]>tert1ary alkyl (lowest
thermal thermal
- stability) o R :  stability)
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TABLE 1C.3: Thermal stability of model urethanes in argon

RNHCOOR'

T(OC)*
RI

.—.. - mem—— m— .— MUt o235
- e

"" - - _":.._-—_-""‘ﬂ ~but | . 245
= "*_-'-~—'—-._- sbut | 200
QH;._. R
_ @‘ __________ — tbut | 70
‘ Q . tbut | 180

*Point of first deflection of DTA trace from baseline.
Matuszak and Frisch]oo‘investigatedlihe thérmai degrédatioh of model
biscarbamates, polyurethanes and po]y(urethane-nreas) by pyrolysis at__
atmospheric pressure. The biscarbamates were prepared from phenyl,

benzyl and cyclohexyl®isocyanate and ethylene glycol. The polyure-

* thanes and po1y(urethahe ureas) were prepared from toluene diisocyanate )
(TDI), xy1y1ene diisocyanate {XDI), and 4,4'-dicyclohexylmethane diiso-
cyanate (HIZMDI) and polyoxyethylene glycol of various molecular weights.
Rate constants for thermal degradation were obtained by measuring carbon.
-dioxide evolution. The thermal degradatipn of all materia1$‘showed that
the stabi]ity increased in the following manner:

(lowest - (highest
thermal . ~ aromatic<aralkyl<cycloaliphatic  thermal
stability) ' I ‘stability)
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1C.3.2 Effect of Polyols

Polyether and polyester polyols are two of the most frequentTy'uti-

lised building blocks in polyurethanes. Polyesters exhibit consi-

derably higher thermal stability than po]yethers and have generally
"been found to be quite re51stant to oxidation under re1at1ve1y mild
"cond1t1on5101

The'superiOrity-in~thermooxidative stability. of ponesters_over do1y
ether is also demonstrated by the stress relaxation data obtained in
~air and nitrogen102’103. Figure 1C.1. .The!flaxtﬁnearly jdentical
“intermittent stress relaxation curves obtainec\r;m%OTyester urethanes

in air_end in‘nitfogen indicate that any-chain—breaking processes
taking place under these conditions are reversible and non-oxidative.
In. poTyethers on the other hand, the fast irreversible stress decay
~which occurs in air (but not in nitrogen). characterises the chain
scission processes and is clearly oxidative.in nature. Genera11y, _
"pd1ypropy1eneoxide backbones are more easily.attacked by oxygen than. . -
'po]yethy1ene oxide or po1y,1,4-buty1enem9xide'chains]gé.l Stress rela-
xation studies of carefully crosslinked elastomers have shown better
etemperafdre resistance in air for a po]yester-based'eIastomer than in
~ a polyether-based elastomer, due to the better oxidation resistance of
the polyester segment105. Therefore, po]yesters are definitely the |
‘intermediate cho1ce if polymers with h1gher thermoox1dat1ve stab111ty
are des1red :

1.04 Ester (N )
- Ester {afr)
o 08 Ether (N,)
P . o
E 0.6t Ether_(a.'ir')
Y- o
Py
04
et
o 0.2
o
|
0 : "

20 40 60 - 80° 1Hnm (hours)

FIGURE 1C.1: Intermittent stress relaxation of po]yester and po1y-
ether urethane at 1300C (95)

! \
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1€.3.3 Effect of Crosslinking

The methods by which crosé]inking may be introduced into the poly-
urethane elastomers, through:the use of intermediates possessing
. more than two fdﬁttionai groups per molecule, or through secondary

- reactions of the isocyanate group with -NH- greups in the polymer
chain derﬁved'fkom the brimary reactions of the isocyanate group,
have already been described:in‘Pert B.

As in any other type of polymer increase in crosslink density of a
-~ polyurethane results in. increased thermal stability simply because _A
“more bonds will have to be broken before total network breakdown |

occurs._ ‘However the techn1que has' on]y limited.use since other
property requirements {elasticity, e]ongat1on etc) norma]ly demand
" the mo1ecu1ar weight between. crosslinks to be within narrowly defined
limits. There are different types of crosslinking in po1yurethanes '
(allophanate, biuret, 1socyanurate), which are produced by us1ng
excess diisocyanate; - and the.type of crosslinks is also of impor-.
tance in thermal stability. Some biuret and allophanate structures
start to free 1socyanate as low as 1000C w1th biurets generally be1ng
s1ightly more stable than a11ophanate5106. D1ssoc1at1on in both of
these c1asses is ord1nar11y complete at 160-170°C

1C.3.4 Effect of Isocyanurate Crosslinking

Isocyanurates are excellent structural units for high temperature resis-
tant polyurethanes since they have high decomposition points (Table 1C.4)
and can impert rigidity through an increase in the.degree of crossiinking.
A number of reviews describing the formation of isocyanurate structure

“in polyurethanes have been pubhshed]07 -110,86
isocyanates to form 1socyanurates was first reported by Hofmann _
prepared triphenyl 1socyanurate by the tr1ethy1phosph1ne cataTysed tr1— "
merisation of pheny1 1socyanate. ' |

. The tr1mer1sat1on of
111 who
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0
]
A\
- 3R-NCO - R-T N-R .
‘ ' isocyanurate
R0 A
R |
LN
TABLE 1€.4: ‘Melting point of some 1socyanurate structur‘es94 112
. Melting or
Trimer of Point OC TDUC
Phenyl. isocyanate 285 : 377
ED Eﬁeém! ﬁ%isocyanate | 374 -
-NaphthyT . isocyanate o : 335 ' -
2-Naphthy] isocyanate . - 344 -

The thermally most ;tab1e‘isodyanurateystrﬁctures can-be built into
po1yurethan95'w1th-great ease and have been used widely to prepare
polymérs with increased. thermostab111ty95 107
usua11y does not start beTow 2709(:-|07

- Their degradat1on

‘PoTyurethanes.wifh higher temperature_reSiStance héﬁeAbéeh'bbtéined
- by at least partial replacement of urethane bonds with groups. of -
. greater thermostabi]ity. Low density rigid foams made by trimerisa-

| - tion of a po1yester-TDI prepo]ymer retained their dimensional stability

. up to 230°C107 Poly1socyanurate adhe31ves made by the po?ytr1merwsa-

- tion of isocyanate prepo1ymers in .the presence of organometallic cata-
lysts retained their adhesive strength at. 2050C for bond1ng aluminium-

to= a1um1n1um108 '

Sasaki et a1:86 reportéd the_prequatfon ofrurethane elastomers contai-
ning isocyanurate rings. .The catalyst system employed consisted of ..
'sodium'cyanide in a solution of N,N'-dimethylformamide (DMF). A

”- mﬂ.ﬂ}"?'w GIAN i 0
ﬁ; =;Decompos1t10n~temperature;



‘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 cross11nP1ng structures are shown in F1gure 1C.2.

, R -
. ‘ 0 H ‘ :
NI
ananf)- C N R- Il\l . I;I-R-N-C-Dmm , :
| 0=C C=0 ‘isocyanurate crosslink -
N Lo
? .
R-T;J-E-Onfku
" HO
+ OH HOH 0H
i1 PO "1 ]
nAAnO-C-N-R-N-C-N-R'~§—C-N-R-N-C-0mmmm
3 f=0
b1uret crosslink p -H
’ R- ?l |l'.|: Ofw'w R
HO e
' H | H 0 H '
, M—_C-N-R-I'\I-C-O- '-o-c-N-R-N-cl-omm
9 =0 0 '
v -H a110phanate crossTink
Ref-f- o
HO
Ho | O.H' HoO _
mo-c-N-R-N-c-o-R'-o-c-N-R-N-c-ow;n,
0 .
|
C=
i

. 0

urethane

crosslink P-H
N

FIGURE'1C.2: Different types of polyurethane crosslink.
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1D~ 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 con51derab1y diminished at

- elevated temperatures.
ke

The aim of the present work is to.prepare fherma11y stable polyure-
~ thane elastomers for.application as tyre materials.

The approach t0‘this project will be to:

a) Investigate the effect of. using two new d11socyanates present]y
' fava11ab1e as development products, namely. p- pheylene diisocya-
‘nate (PPDI) and trans-1,4-cyclchexane d11socyanate (CHDI).

b) ADeterm1ne the optimum.block ratio(s) capabIe of. produc1ng
flexible, heat resistant po]yurethane e1astomers that also
possess good physical and mechanical properties.

c) Examine the effect.ofwdifferent.diol and diamine chain exten-
; ~ders on thermal stability. |

d) Investigate the. effect of using a Targe excess diisocyanate
' (0-50%) to produce isocyanurate crossI1nk1ng in- the po1ymer
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 1ohg'chain polyol with an excess of diisocyanate, and chain exten-
der, are mixed in the molten state at elevated temperature to yield
the final product, Then the product is. normally cured in a mould

by heating in the temperature range 50-130°C for several hours.
Although this procedure has become establishéd for many commercial

. elastomers, several d1sadvantages are apparent in the polymer prepa- )
rat1on '

1. ,'The choice of diisocyanate is. restr1cted to those haV1ng a
 relatively low melting point.

2. Chain extenders must also be 1iquid§aoﬁ‘1ow melting point
solids. o '

3. The reactivify_of chain extender hith”diisocyanate'huét bg Tow
" enough to allow efficient mixing of the chain extender with the
prepolymer prior to casting the final’pb1ymer into the mould.

4. ProdUction_of uniform, homogeneous e1ast0meric materiaIS'depends'
~ Tlargely on the efficient dispersion of reactants during the
mixing stage. | |

"5._ Efficient dispersion of reactants is also h1ndered by the rela-
t1ve1y 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 ponmerisation because several disadvantages are also
apparent in solution polymerisation techmques”3 '

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.e. it must contain no mohdfuhctio4
nal 1mpur1t1es which might act as chain stoppers, and no
acidic or basic 1mpur1t1es which could promote. side react1ons.

4. The solvent must be a. nhon-ireactive médium, in which diicocya¥
nate, chain extender and polyurethane product are all read11y
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-dialkyl amideswith -
the highly reactive p- -toTuene- -sulphonyl 1socyanate to give N,N-diatkyi-
N~ (p-toluene- sulphony]) amidines, has been reported1]4. Sorensonns

- reported a. side reaction between phenyl 1socyanate and d1methylsu1-
phoxide. -

2.2 EXPERIMENTAL

2.2.1 Selection 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. 1nformat1on on the high tempera~
ture stability of the resu1t1ng polyurethane e]astomers.

Diols of aliphatic and cycloaliphatic molecular structures were

used as possible chain extension agents in two basic prepolymer

systems hame1y the polycaprolactone/CHDI and polycaprolactone/PPDI

- based systems. Diamines were found unsuitable as chain extenders in
".CHDI and more especially in'PPDI based polymer systems due to their

" high reactivity in.the bulk polymerisation technique with resulting

short pot lives.  Diols and diamines of bulky aromatic molecular

" structure were also found unsuitable as.chain extenders due to their

possessing high melting points and henée being unable to be dispersed.

Solution polymerisation technique.was used to overcome these restr1c-
tions but the polymérs 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 me1fing point chain extenders
were dissolved in polyol before mixing'with diisocyanate. ~Therefore
using this'techhique itfwasufound possible. to carry out a bulk poly-
'merisation at the normal PU reaction temperature range of 100-130°C.
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 deta11ed account comes Iater
‘1n th1s chapter

Depending on the melting range of the chain extenders, an acceptable

chain extension reaction temperature range was found to be 100-130°C.
It was also found that with'higher‘temperatures the rate of the reac-
“tion between chain extender .and prepoTymer was so fast that there was
1nsuff1c1ent time for-casting the final polymer. into the. mould-to be
o sat1sfactor11y completed To overcome. this problem the use of a
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delayed reaction catalyst was adopted. By using this type of
“catalyst the chain extension (pof 1ifé) time was short enough for
satisfactory casting'df the polymer especially if the Tower 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 p1ast1c dlsposab1e g]oves were also worn when handling

. these materials.

'3-The,polymers chosen for detailed stpdy‘were based on‘po1ycapro1ac-
*tone diol, trans-],4-cyc1ohexane.diﬁsocyanate-(CHDI). p-phenylene
- diisocyanate (PPDI) and different.diols and diamines as chain exten-
. ders. Examination of “the polymers based on TDI, MDI H12MDI and mixed
d11socyanate was also.made for. compar1son purposes and the results
~cited where appropriate.

_ ‘The raw materials emp]oyed in the present research are g1ven in
e Append1x 1 with their relevant techn1ca1 1nformat1on

2.2.1.1 "Polyoi
The po1ybls were'cabrolactone derived hydroxy1 tefmin§téd polyols
~ with 2000 molecular:weight e.g. (CAPA 225) . The CAPA diols are poly-
ester based diols and are white waxy solids-with me1t1ng points around
60°C developed by Interox.Chemicals Ltd]16. Polycaprolactones are

obta1ned by the poTymer1sat1on of capro]actone in. the presence of a
~diol ‘(equation 2. 1).

/N
en N R 0 0
CHy  Me=p 3 o i
n | - #H0~ R =OH » HO{-(~CHp) - C-0F- RE—0-C-(CH,) J—OH |

5‘3”2/ R | | - (2.1
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Polycaprolactones are saturated aliphatic po]yesters‘simiTér in type
to adipates.  The polarity in CAPA due to the presence of polar C=0
“groups in their chemical structurézbackbone'increaseS'the intermole-
‘cular attractions in urethane elastomers and hence improves their

physical and mechanical propert1es in compar1son W1th po1yether based
materials.

2.2.1.2. 'DiiSocyanates

The d11socyanates were obtained from Akzo Chemie B\.'.”7 and the Armak
'Company]Ta 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 diisocyanates available as

| _deve]oﬁpent products for synthesis'of,po1yurethane elastomers.

"p-phehyléhe-diisocyanate (PPDI) - {rans -1,4- cyc]ohexane d11socyanate  H
: S : - CHDI) - ‘ S

—NCO -

Both diisocyanates are white flakéd.SQIids of ré1ative1y’high'melting
points, 60-64°C for CHDI and 94-950C for PPDI. Both materials are
“available-in a.pure.form, hence the calculation byfweight of diiso-
cyanate. to form po1yurethane§ of a.spec¢ific block ratib“éanfbe 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-like molecular 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 hydregen bonds would be expected to be promoted.in the polyure-
thane system. It is predicted, this enables the resulting elastomers
to perform better under high and low.temperature conditions and '
~ achieve high modulus. Both diisocyanates have the potential econo-
mic advantage of low molecular weight and a correspondingly high NCO
content. B - N o - '
It is known that a11phat1c and cycloaliphatic d11socyanates 1mpart

- super1or therma1 stability. to po]yurethanes. and the most promising
of these structures (CHDI) was selected for the preparation of ther-
mally stable materials. ‘The p-phenylene diisocyanate (PPDI), toluene
diisocyanate (TDI), 4,4'-methylene bis-phenylene ‘diisocyanate (MDI)
and 4 4‘4methy1ene bis cyc]ohexy1 diisocyanate (H 2MDI) were a]so
included in the research programme for compar1son purposes.

2,2.1.3- Chain Extenders .

Various Tow molecular weight diols -and diamines were also employed
in the preparation of these experimental polyurethanes as chain
extension agents. The names, formulas, melting points and supp11ers

-,iof these mater1als are g1ven in Append1x 1

1120 ' 11 T

However, 1,4-butane dio 1,4-cyciohexane dimethano and mix-
tures of these were the most widely used in the preparat1on of these
ponurethane elastomers.

1,480 1,4-CHDM

Also used was a novel diamine chain extender'trimefhylene'g1ycb1'
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.

1] . o
_HZNDC-_O-CHZ-CHZ-CHZ-O-C -@-NHZ L

: P51a¢ure 740M

2.2.1.4 Catalyst

To make, satisfactory polyuréthanes from CHDI the use of a cataTyst 'Q
s usua11y necessary. and dlcarbobutoxy ethyl tin dichloride*. (T220)114
was norma11y used in this series of experiments as a delayed action
‘catalyst at the Tevel.of 0.01-0.03% by weight of "the total reactants.

2,3: SYNTHESIS . _ o

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 welght rat1o by
which ‘the polyol, the d1jsocyanate and chain extenders are respec-
‘tively reacted to give the final ﬁroducts. ‘A typical example of a
selected prepared polyyrethane based on 1:2:1 block ratio is shown in
Table 2.1.

*_ Trade name: T220, trival name 'Ester Tin'Dichloridef.

ov ',JJJ?‘
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- TABLE 2.1: Typ1ca1 Examp]e of. the Selection of Raw’ Mater1a15 for
i ‘ Preparat1on of Polyurethane Elastomers

Raw Molecular Equivalent Block = Amount Used
Material . Weight ~ Weight = . Ratio - (g9) -
CAPA 225 2000 1000 1T 100
- CHDI : - 166 783’ - _ _2- 16f6'
1,4-8D %0 a5 [ - 45
The' following synthesis method was found suitable and used as the = '

basis of preliminary 1nvest1gat1ons - ' : N

.f_v,-

ATﬁ'g1assware wasiprebared by.first placing in a muffle furnace at )
| GOOQC overnight, cooled and then carefully washed and 1eft'to dry at

. 1009C in a drying cabinet; silicon grease (grade M494 of ICI) was |
used for all quickfit cone: joints. By this means all traces of
organics were removed prior to.a synthes1s.occurr1ng.

P

2.3.1. Prepo]ymer Method . .

The polyol (CAPA 225) was melted and degassed at 1000C at 1east for

one hour in-a vacuum oven. The chain. extender was also dr1ed and
degassed for: one hoﬁr_at.90 1309C. depending on its me]t1ng range. -

- The required amount of polyol and diisocyanate were placed in a round

~ bottomed polymerisation reaction flask of 500 ml capacity and placed

. in an o011 bath at 100-130°C while a steady flow of dry nitrogen was
passed continuously: through the apparatus. The flask was equipped .
with a “dropping funnel, n1trogen inlet and variable speed constant
torque -stirrer motor that was connected to the flask through 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 o011 bath was a temperature controlied-hot

e ————
..___-H_._H_.__._—__——--——‘ — "“‘*——...._..——-—""""_"_"-'«
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0i1 bath and the température was also monitored by using a mercufy
thermometer. immersed :in.the oil.by the side of .the polymerisation
flask, The reaction mixture was then continuously stirred for
approximately 30.minutés.:‘Thénftné-réactibh;T1ask was removed from *-
" the oil bath.and'the.réquired-am6unt of predﬁied'chain'extender was -
added'through the dropping funnel. Previously one or two drops of
- the delayed action catalyst at the concentration 0.01-0.03% by
weight of the total reactants had been.dissolved in the chain exten-
der. The reaction mixture was vigorously stirred for approximately
one minute, whilst maintaining the_dry'nitrogen.b]anket.atmogphere.

. 2.3.1.1 Casting -

Casting was carried out using a highly polished aluminium tray, pre-
viously coated with release agent* and heated to 1209C.  The tray
.wWas 1eve11edfby,uSing'a‘bubble.1eve1-in.a_hot'air circulating oven
“at 120°C.1\Then'the reaction mixture was carefu]]yupoured evenly over
the surface of the aluminium tray;.taking'care'notit07entrap any air
" bubbles in.the casting Tiquid as tﬁése.would-give.rise to voids in
the solid product. Before finally curing the polymer .in a hot air
oven at 1209C, the surface bubbles (if present) were removed by .

- passing a-bunsen burnerFsAfIamelquickiy‘cver the cast polymer.

-2.3f1u2‘,Curing and Post~curing

-The cast polymer was left .in the hot air circulating oven and cured
at 1209C for 20-24 hours.. These.cured test sheets were then stored
for one weekrét ambient'temperature_(23°C)_and 60%.re1ative humidity
- to condition the polyurethane elastomer and allow comp]étion of
secondary reactions.

* . Ambersil’s po1yurethaﬁé release agent was used. -
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Sometimes for certain'po1ymers only as a final. step, these cured,
conditions polyurethanes test sheets were post-cured for 15-24 hours
at 125-130°C to complete the . isocyanurate crOSS}inking'reactions.

© 2.3.2 Quasi=-Method of .Synthesis

S . o ) W
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 1209C with a steady flow of dny nitrogen
‘passing continuously over the mixture and forming a.blanket of gas;
this formed a quasi-prepoTy@er;ﬁ‘This reaction mixture was stirred

- continuously for approximately 30 minutes. - Next the.required‘amount
of. chain extender was dissolved in the other part. or, remainder of

. the polyol and dried atﬁ100¢0uqnder vacuum, and:to this mixture was -
added one or two drops of delayed action catalyst at. the cdncentration‘
of 0.01-0.03%‘by'weight:ofithe,tota1_reactants._ This polyol mixture
was then added to the earlier prepared polyol/NCO. quasi-prepolymer
reaction mixture through a dropping. funnel and the compIeted 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 prepo1ymer‘synthesis technique.

2;4 " "CROSSLINKING

Chemically cross1jnkéd p01yurethanes.were pfepareﬁ;d'by the use of:

R Crosslinkersfin the form of triols of different molecular
- weight i.e. trimethy]o1 propane (TMP) and polycaprolactone triol
(Capa 305) of molecular weight 134 and 540.respectively.

2. Use of‘a stoichiometric excess of diisocyanate in the prepoly-
mer which was expected to give isocyanurate crosslinks in the
~ chain backbone in addition to urethane linkages.
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2.5 HAZARDS

Although the usual hazards apply to the handling of d11socyanates,

it is part1cu1ar1y 1mportant in the preparation of CHDI and PPDI
conta1n1ng polyurethanes that no NCO vapour is released into the
atmosphere as it attacks the.cornea of the eye. Hence, the recommen-
ded method advised follows the unusual étép of making a physical
“dispersion of the CHDI and PPDI flakes.in.polyol and -then obtaining
solut1on by 'slow heating with st1rr1ng In this way the active NCO -
groups of the diisocyanates react in so1ut1on with the po1y01 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

A1l the polyurethanes prepared.in the present investigations are given
in Tables 2.3 and 2.4Twith_their.chemica1 composition and designation.
Chain extension reactions with some of the diols and diamines chain =
extension agents were found.to be extremely.difficult with prepoly-
mer, due to their high melting points. Another 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_thé'flask and therefore no useful materials were
yielded in these stages. ' '
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List of Raw Materials Abbreviations

Materials

Abbreviation
-Pblgois:' , _ _
Polycaprolactone diol MW = 2000 'CAPA 225
Polycaprolactone diol MW = 2000 CAPA 720
Polycaprolactone diol MW = 3000 CAPA 231
Polycaprolactone diol MW = 4000 . CAPA 240
Pp1ycapro1actonertrio1 M = 540 - ‘ CAPA 305
Diisbcyanafes: |
P 1,4-cyc10hexahe diisocyénate CHDI
p-phenylene diisocyanate PPDI
v '4,4'-diphenyimethane diisocyanate - MDI
4,4'-dicyclohexyImethane diisocyanate HyoMDI
" Toluene diisocyanate. (2,4- and 2,6-) TDI
Chain Extenders:
A.  Diols:
~ 1,4-Butane diol 1,4-BD
1,6-Hexane diol 1,6-HD
1,4-Cyclohexane diol. 1,4~CHD
1,4-Cyclohexane dimethanol 1,4-CHDM
Tr1methy101 propane ™P .
{1,1'-isopropylidene~- b1s -(p- phenylene-oxy) -
:d1 g-ethanol] - Dianol 22
1, 1 -isopropylidene-bis-(p- phenylene—oxy) S ng R
"-di-wpropanol-2] - Dianol 33
Hydroguinone~bis-hydroxyethyl ether - HQEe
Quinol Quinol
Catechol . = . Catechol
1,5-Dihydroxy. naphthalene - 1,5-ND .
2,3-Dihydroxy naphthalene - 2,3-ND
2,6-Dihydroxy'anthraquinone‘ -Antraflavic
- acid
2,4- Dihydroxy.benzophenone - 2,4-DB
Di(4-hydroxyphenyl) sulphone DHS
- 2,2-Di(4-hydroxyphenyl) propane Bisphenol A
p,p'-Biphenol _ p,p'-Biphenol
B.:Diamines |
"Tr1methy1ene giycol di-p- am1nobenzoateg. Polacure 740M
- 4,4'~-diamino diphenylmethane . MDA
2,6-diamino anthraquinone 2,6-DA"
4,4'-methylene bis o- -chloroaniline MOCA :
p- phenylene d1am1ne p-PDA
Cutalust _ . '
Dicarbobutoxy ethyl tin dichloride T

220




TABLE 2.3.1:

List of prépared polyurethane elastomers (stoichiometry is shown by the block ratio)

I . - , o B Hardness. _ .
SampTer Po]yql, Diisdcyanate Eiizzggr B1ock.Ratio A(Shorg)o 'Comments
: (a) ' imore
Capa 17,11 Capa 225 CHDI 1,4-BD 1:2:1 81 27 (a) Tough andjther-
B118" " PPDI ] " " 92 42 . mally stable than
B26 " HypMpI () " " 71 23 " other diisocyanate |
- BS " CHDI+HyoMDI " " 80 27 . based polymers.

B37 " CHDI+TDI " " 80 27 (4) 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 SRR
Al " CHDI - . 1,6-HD ‘ . 89 33 (b)-Very good recovery
A5 " CHDI (b). Dianol 22 " 81 32 | : ' :

' - CHDI {c¢). = }Dianol 33 " 79 27 (c) Soft

M5 - " CHDI Polacure " 83 30 -

M7 " CHDI HQEE " 86 28"

B23 " CHDI 1,6-HD+1,4-CHOM " 87 35-

- " CHDI 1,4-BD+1 4 CHDM " 87 - 35

M4 " CHDI 1, 4—BD+1 ,6=HD ! 87 33

01 " CHDIL . 1,4 -BD+Dianol 22 " 84 34

03 - " CHDI 1,4-BD+Dianol 33 . V" 82 30

A4 - " CHDI 1,4-CHDM+D{anol1.22 .~ " . . 86 3

B39 " CHDI T,4-CHD " 79 30

B44 " CHDI ™P " 70 25

B40 " CHDI - 1 1,4-BD+1,4-CHD " 86 35

B52 " CHDI 1,4-CHD+1,4-CHDM " 83 33

B43 " CHDI - | 1,4-BD+TMP " 83 32

B46 " CHDI. ‘| Dianol 22 + TMP " 70 23

B58 " CHDI Quinol - " 85 - 31

B67 " -CHDI Catechol " 82 25

/Continued

64



TABLE 2.3.1: continued

Hardness. -

. S " Chain | Block (Shore) e

Sample | Polyol  [Diisocyanate Extender | Ratio ) — Comments

' ' . : A D
B57 - Capa 225 CHDI - 1,5-ND 1:2:1 72 22
B68 " CHDI - 2,3-ND - " 78 27
B70 " CHDI - - | Antraflavic acid |} " 84 35
B69 . " CHDI ' 2,4-BD- : " - 81 28 '

- " CHDI (d) MDA - "o 93 30 (d) By solution poly-
B73 I CHDI (d) 2,6~DA v 87 38 merisation tech-
- " CHDI -~ | P,P'~biphenol " -} 85 29 | - - nique
- N CHDI . Bisphenol A " -l 74 21 _ .

B71. " CHDI MocA - " | 84 30

M0 "o - CHDI. .~ | Dianol (22+33) " 79 29
B4 - " CHDI . ‘Dianol 33+TMP - " - 160 . | 37
- " 1 CHDI DHS R L B 29 |

BN o - CHDI ' 1,6-HD+TMP - " _ 8 | 30 ‘ :

.X3 b ' CHDI (e) | Polacure + TMP .o : 70 25 {e) Good recovery

X5 .o CHDI 1,4-BD+Polacure " 83 0 | - _

B42 - " CHDI. - - - 1,4-CHDOM+TMP BT 83 27

"M - M ' PPDI" . 1,6-HD L .o . 92 40 | ' _

M9 "o PPDI (f) | Dianoci 22 =~ -~ j--" ... | 40 . | 10 (f) Very soft and
M12 . "o PPDI (f) Dianol 33 S " 38 : 9 | tacky -
A9 " PPDI | Polacure S " 92 37 ' _ :

- v . PPDI HQEE = . " _ 94 50

M13 " PPDI. 1,4-BD+1,4-CHDM " 82 33

B15 - neo PPDI 1,4-BD+1,6-HD - - " | 87 | 37

Bl9 | " ppbI . | 1,4-BD+Dianol 22 " ' 90. 41 _

- Ble " | PPDI 1,4-BD+Dianol 33 " 80 8. .

- " PPDI (g) . | Dianol (22+33). " 40 | 10 (g) Verv soft =
B29 | " Hy oMDI 1.4-8BD+1,4-CHDM | 65 |18 e
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TABLE 2.3.2: List of prepared polyurethane elastomers (stoichiometry is shown by the block ratio)

[t

Hardness
' 1, Chai Block _ (Shore)
' o ¥ - ain oc Comments
: Sampje | Polyol Diisocyanate . Extender Ratio A 0
B45 Capa 225 CHDI Dianol 22 1:3:2 94 - 42
Bl . " Chol . |1,4-BD " % | 38 [ored
B142 " CHDI (a) Polacure " 91 + 43 | (a)KThermally:stable
A2 - " CHDI. (b) ~ |1,4~BD+1,4-CHDM " 92 © 42 -~ -~ than diol series
M3 h CHDI 1,4-BD+1,6-HD " 85 33 " (b} Tough
01 " CHDI. . 1,4-BD+Dianol 22 " 83 32 o
B115 " CHDI : Dianol 22 ‘ " 92 42
M2 " [ CHDI. 1,4-BD+Dianol 33 " 85 31
B51 " | CHDI 1,4-CHD ¢ " 90 41
B41 - " CHDI -~ | 1,4~BD+1,4-CHD : " 91 41
B53.. " CHDI . - 1,4-CHD+1,4-CHDM . " 9 42
B47 . " CHDI Dianol 22 + TMP " 77 b |
B9 - " .{ CHDI {c) - | Dianol (22+33) " 89 40 | .. (c) Good recovery
B24 | . "nenf OADL, oo | 7,6-HD4T,4-CHOM " o1 .43t
- "o *| PPDI '(d) "™ |Diarol 33° - . W 55 %114 (dY:very:soft & tacky
- M5 " ppPDI -~ |1,4-BD+1,4-CHDM " 92 - - 43 S
B17 " PPDI" | 1,4-BD+1,6-HD - " 92 45 _ _ S
B19 " PPDI (e). 1,4-BD+Diano] 22 " 89 40 - (e) Good recovery . .
- B18- " PPDI . 1,4-BD+Dianol 33 " 82 27 IR
Ce " PPDI (f) Dianol (22+33) " 52 16 (f) Very flexible
B27 " Hq2MDI 1,4-BD : " 81 - | 35 . ' _
B30 " Hy»MDI 1,4-BD+1,4-CHDM - " 72 26 R
. B35 " Tﬁf-(g) 1,4~BD+1,4-CHDM " 56 15 (g) Flexible & good
B14 i CHDI+H,,MDI(h)1,4~BDO+1,d-CHDM " 85 34 - recovery
- B12- " CHDI4HyoMDI ,1,4-BD " 86 37 (h) Good recovery
B38 " CHDI+TDI (i) {1,4-BD - " 87 37 {i) Good recovery
B36 " CHDI+TDI (i) '1,4-BD+1,4-CHDM " 83 - 33 - ‘
B33 " PPDI+H i -pp+1,4-CHDM " AR 26 j) Flexible & good
- IZMDI(J}1’4 BD (9) recqvery,trgnsparent
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TABLE 2.4:

List of prepared po]yurethane e1astomers (u51ng excess amount of d11socyanate)

; _ . I Herdness ‘
- Sample Polyol Diisocyanate |% Excess | Chain Extender B1ock Ratio ~ (Shore) - Comments
' ' A D '
B59 Capa 225 CHDI (a) 5 1,4- BD 1:2.1:1 85 35 (a) Tough thermal
B60 B " 10 " 1:2.2:1 ~ 86 37 stab111ty impro-
B61 " " 15 " 1:2,3:1 87- 38 ves with the
B62 " " 20 ! 1:2.4:1 88 39 higher % excess
BEG 0 " 25 " 1:2.5:1 88 40 diisocyanate
B63 " " 30 " 1:2.6:1 89 | 41 i
B64 " " 35 " 1:2.7:1 90 | 42
"B65 " " ) " 1:2.8:1 90 43 .
B66 " " 45 " 1:2.9:1 91 44
A6 " " - 50 " 1:3:1 -9 44
- Capa 225 CHDI ~'5 . | Dianol 22 . 1:2.1:1 82 | 34
- " " 10 SR . 1:2.2:1 84 36
" " 25  -“ - : 1:2.5:1 - 88 | .40
.B48 . " " 50 1,4~CHDM .. 1:3:1 92 | 43
B54 ! " 50 1 4 CHD o 1:3:1 88 42
- B56(1%)" " " 25 1,4-BD+glass - - 1:2.5:1 92 43
: ' ‘ f1bre (1%) : T
B56(5%) " " 25 1,4-BD+glass 1:2.5:1 92 44
. fibre (5%) . '
B75 (1%) " " 10 1,4-BD+1,4-CHDM 1:3.3:2 92 46
o _ +1% glass fibre | 5 % :
- Capa 225 CHDI 30 . 1,4-BD+Zn0 (5%) 1:2.6:1 - 88 - | 4l .
B88 " " {(b) 30 HQEE . -1:2.6:1 93 44 (b} Thermally stable
BI1 " " 30 MOCA - 1:2.6:1 84 - K} - o ‘
B92 " " (c) 30 - PP~ b1phen01 1:2.6:1 92 39 (c) Thermally stable
B93 - " " 30 Qu1no1 1:2.6:1 a0 38 L " "

._'/Continued.”‘
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TABLE 2.4 (continued)

_ v - Hardness
camn] o : . Block (Shore)
ample Polyol Diisocyanate Excess Chain Extender Ratio .Comments
' A D '
gQg _ Capa 225 . CHDI - - 30 . DHS h. A 1:2.2:} gg 37 '- .
9 " "o 30 Bispheno 1:2.6: , 29
6 |- " o | 30 1m0 . 1:2.511 87 33 (7] | -
P20 " Lt (d) 20 Polacure 1:2.4:1 89 39 - (d)\Therma11y stab]e
P25 " " 25 - Polacure 1:2.5:1 %0 40 .| - o than diol
P30 " " 30 Polacure 1:2.6:1 91 . 40 ‘series
P35 " "o 35 Polacure 1:2.7:7 93 42 '
B120 Capa 225 PPDI . 5 1,4-BD 1:2.1:1 89 . 41 -
B1271 "o ' " 10 1,4<BD .. 1:2,2:1 90 42
B122 _ " " 15 1,4-BD 1:2.3:1 89 a i
B123 " " 20 1,4-BD 1:2.4:1 89 42
B124 o " 25 1,4-BD 1:2.5:1 90 42 |
B125 " " 30 1,4-8D 1:2.6:1 90 42
B|26 B DT " 035 ) 1,4-BD A 1:2.7:1. . 90 4z _
B74 - ~ |Capa 2256 . CHDI (e) .5 1,4~ BD+1 4-CHDM . ] 1:3,15:2 92 44 |- (e) Increasing ther-
. B75 1" - M 10 1:4-80+1,4-CHDM - ] 1:3.3:2 92 45 -mal stability
B76 " " ‘ 15 -1,4-BD+1 ,4~CHDM 1:3.45:2 92 45 with excess
B77 "o " 20 | 1,4-BD+1,4-CHDM 1:3.6:2" 93 46 ~diisocyanate
B78 " : - 25 1,4~ D+1,4-CHDM 1:3.75:2 94 - 47
B79 " o - 30 1,4-BD+1,4-CHDM 1¢3.9:2 94 48
B80 " v 35 1,4-BD+1,4-CHDM 1:4.05:2 - 94 51
B81 " " ' 40 1,4-BD+1,4-CHDM . { 1:4.2:2 95 - 52
B82 .o R 45 1,4-8D+1,4-CHDM 1:4,35:2 95 | 53
B83 o . " 50 1,4~ BD+1,4—CHDM- 1:4.5:2 96 53

€8

/Continted. ..



TABLE 2.4: continued

_ o ) T Hardness
Sample . Polyol .Diisocyanate Echss Chain Extender = glg?g ~ (Shore) Comments
' A D
B84 Capa 225 CHDI 5 1,4-BD 1:3.15:2 92 43
B85 " v 10 u 11:3.3:2 92 44
B86 " : 25 ‘: 1:3.75:2 96 49 :
B87 , 30 1:3.9:2 96 49 ToeEl
B143 Capa 225 CHDI (f) 5 Polacure 1:3.15:2 93 43 (f )LThermally stable
- Bl144 " " 10 " 1:3.3:2 94 43 than diol
- Bl45 " " 15 " 1:3.45:2 95 " 50 homo]ogous, ther-
B146 N " 20 " 1:3.6:2 95 51. "mal stability
B147 " " 25 " 1:3,75:2 95 52 increases with
B148 . M " 30 " : 1:3.9:2 95 53 increasing NCO
B97  |Capa 225 " CHDI 30 | 1,4-CHD - 1:3.9:2 95 48 content.
B8 - " o 30 HQEE T L1 1:38.9:2 98 - 56 '
Com e ad " 230 .. | -P,P! b1phen01 113,92 98 .| 52
- " " 30 _Qu1no1 o1 1:3.9:2 95 48
- " " .30 DHS - 1:3.9:2 94 48
~ B9 " " 30 1,4- CHD+HQEE 1:3.9:2 95 52
B100 " M 30 ;HQEE+Po1acure 1:3.9:2 97 52
B100 " N 30 1,4~ CHD+P01acure 1:3.9:2 95 52
B33 " u 30 ™P - 1:3.9:2 80 39
B151 " " 30 Polacure + ben- " |1:3.9:2 92 - 87 _
' zoflex (10%) . : » S
B149 " " (g) 30 Capa 305 [ 1:3.9:2 77 27- | (g) Soft polymer-
B79 (0.1%)] " n 30 - 1,4-BD+1,4-CHOM - | 1:3.9:2 94 46 | ' -
' B (0.1% irganox)

/Cohtinued..
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TABLE 2.4: . continued

Hardness

- Sample " Polyol Dijsotyanate ﬁkéiss Chain Extender g;g?gl‘ (Shore) . Comments
| |- Ao
B79 (0.5%){ capa 225 CHDI 30 1,4-BD+1,4-CHOM [ 1:3.9:2 | 93 46 |
0o R S SR EEE AT R (0.5% irganox) | e
B156 - Capa 240 CHDI (h) 30 Capa 305 1:3.9:2 70 29 | (h) Crystallizable
- N AR " 30 T™P 1:3.9:2 81 30 o R
B112 Capa 225 ~ ppDI’ 30 Quinol 1:2.6:1 82 - | 31
BI1T " " 30 1,5-ND | 1:2.6:1 83 | 35
B103 " "), [ 30 Dianol (22+33) 1:3.9:2 62 21 (i) Soft
B108 " "o 30 T™P - - 1:3.9:2 75 26 u
B106 " n 30 Dianol (22+33) 1:3.9:2 66 24 "
L | +TMP | e - '
B116 u " 30 TMP+Dianol 33 1:3.9:2 66 | 25 "
~ B130 " " 30 ™. 2:5,2:2 64 21 "
B132 " v |30 TMP+Benzoflex(10%)| 2:5.2:2 60 | 18 "
'B109 R "o p30 | TMp o 1:2.6:1 . 64 21 "
- Capa 240 pPOI - -} 30 HQEE 1:2.6:1 95 52 | o
B102 " ) 30 Dianol (22+33) 1:3.9:2 a4 46 | (J) Crystallizable
Bl07 oo " | 30 ™ 1:3.9:2 - 90 | 33 S
B110 N . " 30 TMP+Benzoflex(10%){ 1:3.9:2 93" s ..
B3] Capa{240+305) PPDI | 30 TMP | 1:3.9:2 70 | 26 ~ Soft |
B104 Capa 240 CHDI (k). | 30 | TMP. | 1:2.6:1 95 49 (k) Crystallizable
B105. " " 30 - TMP+Benzoflex(10%){ 1:2.6:1 93 28 "
- BN7 . Capa 225 . CHDI 30 - Dianol 33 + TMP 1:2.6:1 . 80 2%

/Continued...
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 TABLE 2.4: continued

Hardness

- . o % § 4 | Brock _(Shore) . Comment

Sample Polyol D11socyanate Excess Chain Extender Ratio ommgn s
| - A D

8114 | Capa 240 Hy M1 30 | TMP+Benzoflex (10%) | 1:3.9:2 g8 | 38
- B137 " " 30 T™P 1:3.9:2 89 36

B134 _ " " 30 1,4-BD 1:2.6:1 . | 68 23

B135- Capa 225 DI 30 1,4-BD 1:2.6:1 62 | 17

B136 oo DI 30 ™P 1:3.9:2 71 23

B153 . " MDI 30 ‘Polacure 1:3.9:2 93 46 ' -

B138 - MDI ~ (1) 30 1,4-BD - 1:2,6:1 . [ 65 | 23 |(1) Good recovery

B141 " S 30 T™P - _ 1:3.9:2 | 77 | 30 o :

B140 " u 30 Dianol (22+33) 1:3.9:2 I - I

B155 Capa 231 CHDI " (m) | 30. | Capa 305 1:3.9:2 72 22 | (m) Soft
 B158. o " 30 Polacure 1:3.9:2 85 | 42

B154 = Capa 225 " 307 Polacure 2:5,2:2 __92 43

B159 Capa 720 PPDI 30 T™P. 1:3.9:2° 78 | 35

B150 S : CHDI 30 Polacure 1:3.9:2 93 54

%
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Anchor stirrer with
close fit to side Variable speed constant torque
of flask stirrer motor
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FIGURE 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 ana1yt1ca1 techn1ques are used in the study of po!ymer
“morphology and their solid state structure property: re]at1onsh1p
‘These include dynamic mechan1ca1 ana1y51s, thermal analysis, infra-.
red spectroscopy, X-ray diffraction and scanning electron micro-
scopy. Since these’ techniques have been emp]oyed in the present
“investigation on thermally stable polyurethane eIastomer, they w111
be br1ef1y reviewed.

Y .

3.1.1. Dynan%c'Mechanica1 Analysis

The dynam1c mechan1ca1 methods have been employed to.understand.

: po1ymer morpho1ogy and m1crophase separatIOn. ‘Huh and Cooper123
‘studied the dynamic mechan1ca1-pr0pert1es‘of polyester and polyether
urethane block polymers atﬁdifferent frequencies in the temperature |
range of ~150 to 200°C. The existence of a‘two'phaseustructure was
demonstrated by the observatien of two major transition regions, the
‘glass transition temperature (Ta) of the -ester or ether soft segments
and the softening temperature of the aromatic-urethane hard segments.
‘They also showed that all:relaxation phenomena were greatly influenced
by the molecular weight. of the prepolymer, 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'resu1ted
~in a semi~ crysta111ne mater1a1 which possessed a lower Tg for the
macrog]ycol segments

" I1linger and co- workers124 studied the. Tow temperature dynamic mecha-

"‘nical propert1es of polyether based urethanes as ‘a funct1on of compo-
sition, temperature and frequency The Tg of the soft segment was
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found to be approximate1y-the_$ame 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 also because of part1c1pat1on
of the urethane block in the domain structure. Seefried et al’ 5
~investigated both -the' soft and hard segment variation effects in
thermop1ast1c po1yurethanes based on pelycaprolactone diol/MDI/
] »4-BD systems by us1ng dynamic mechanical techniques. They found
the glass. trans1t1on temperature of these materials progre551ve1y
shifted to Tower 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 Mn and 2100 Fn-
respectively. The urethane polymers based on an 830 Mn polycapro-
lactone diol exhibited a progressive increase in glass transition
temperature at ihcreased level. of hard segments. . In contrast, the
urethane polymers prepared with a 2100'ﬁ_'po1ycapro1actone diol as
the soft segment ma1nta1ned a'relatively constant glass transition
temperature. These differences are attr1buted to the relat1ve degree
of phase separation between the constitutive blocks of the copolymer.

Non-hydrogen bonded PUs: .Brunette et. 31125 1nvest1gated the effect

of hard segment content variation.on a ser1es of segmented po]yure-
thanes based on a\Hydvoxyl] terminated. p01ybutad1ene soft segment .
(HTPBD) These materials. are Tinear and amorphous. and: have no poten-
tial for hydrogen bonding between the hard and soft segments. The-
existence of two-phase morphology was deduced from dynamic mechanical
behav{oub,rand thermal analysis. Both'techniques showed a soft seqg-
'ment glass transition temperature, (Tg) at 56°C and hard segment
transitions between 20 and 1000¢, depend1ng on the ‘urethane content.
The value of Tg in these polyurethanes as compared to a value of 64°C

for. the pure HTPBD and .its invariance with. 1ncreas1ng urethane content"h_

1nd1cate that phase segregat1on is very. nearly CDmp1ete Since TDI/BD
form amorphous hard segment regions, the driving force for phase
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segregation must come from the extreme incompatibi1ity of the apolar
soft segment and the strongly polar hard segment units, ‘In addition
there is no hydrogen‘bending contribution to increase the compati-
bility between the two phases. -

A

3.1.2 Thermal- Analysis

Thermoanalytical . techn1ques have been used. in. the study of the mor- .
phplogy and intermolecular bonding 1n.po}yurethane elastomers. These

- technigues include differential scanning calorimetry (DSC), differen- _
tial thermal ana1ysisr(DTA), thermomechanita]'analysis‘(TMA) and thermo- -

qraV1metry (TG) 6. Three characteristic transitions common to sémpTes
of varying composition are normally seen by DSC, namely the major
g]ass.trans1t10n 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 interactioné of - the tw0' The following effects were sugges-‘
ted as being poss1b1e in segmented po1yurethane mater1als

"a) " Transition of the soft segment may be. unaffected by copolymer1-
: sat1on,

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

¢) The_soft segment transition mayqﬁe'increased by the hydrogen
. bonding with the hard segment; ;

d).  The ‘hard segment trans1t1on may fall due to. 1nteract1on W1th
soft segments,

‘e)  The hard segment'tfénsitionﬂmay“be Tow dueto short segment
"~ lengthy ' |
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- f)  Hard segments of sufficient length.may form ordered zones

(truly crystalline) giving transitions comparab1e to those

-in the pure po1yurethane.
‘The d{fferential'scanning_ca1orimetryu(DSC)‘studies of urethane . --
b1eck'p01ymer3'that have no capability of.hydrogen bohding confirm
.that the DSC endotherms .do not result. from. disruption of specific .
secondary bond’ 1nteract10n. "Ng et a178 1nvest1gated thermal transi-,
" tion behaviour: by DSC in po]yurethane based on po]yoxytetramethylene/
piperazine/1,4-BD. These materials possess a well: defined segment
molecular weight and molecular weight distribution and no possibility
of 1ntermo1ecu1ar hydrogen bonding.as there are no- NH groups avail- N
‘ ab]e.,_It rather appears that all three endotherms-are morphological
in or1§%n._*A transition at approximately -700C was associated with
the glass transition temperature of the soft segmentﬁand'a poorly
.defjnedztransition_around 40°C was associated with the glass transi-
Ition'temperature of. amorphous hard segment. The. highest temperature
peak may be assigned to re]at1ve1y well ordered. m1crocnysta111ne po1y-
urethane segments, the numbers and perfect1on-of.wh1qhuare determined
by:Eegment Tength and thermal history.” DSC.curves of annealed samples
indicate that domain morphe]ogy'may be .affected by thermal treatment.
The Tower temperature endotherms represent disordering of hard seg-
ments with're1ative1y short-kange,order that may be improved in a |
- continuous manner by annea11ng.. AnneaT1ng followed by rapid:cooling
of a segmented copolymer was studied by Hesketh et.al 6;‘ DSC measure-
ments taken immediately after the gquench 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 segregat1on and the viscosity of the
material. If the material has highly ordered hard segment domains or
" is semi-crystalline, this effect is significant]yfreduced or even

absent, ' '
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Comparason of the transition behaviour of the materials prepared by .
Ng et a178 with the hydrogen bonded polyurethanes of Huh et a'I-I
A‘demonstrates the increased soft segment Tg value in the hydrogen

" Bonded systems associated W1th hard/soft segment hydrogen bonded
*'interactions. Increased hard segment content in'.the p1peraz1ne

~ elastomers 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 doma1ns act as f111er _
‘particles in the systems.- A poorly defined DSC endotherm at approx1-'
mately 60°C was found to move to h1gher temperatures and f1na11y

' merge with .the h1gher temperature transition on annealing the samp1e
S1m11ar behaviour has been reported.in hydrogen bonded systems by
Seymour and Cooper56 127

Schneider et a1 287129 studied structural organisation and thermal
transition behaviour of po1yurethaneslbased on toluene diisocyanate."

~ Thermal transition behaviour was observed by.DSC. Three major -
transitions were observed and. designated ?1, T, and T;. The T,
transition, ‘associated with the soft segment ‘glass transition temp-

~ erature was found to increase with increasing urethane concentration
in the 2,4-TDI samples. Tg.for 2,6-TDI sampies was‘genera¥1y'inde- _
pendent of urethane concentrat1on In 2,4-TDI materials a T2 transi-
tion around 60°C was observed a1though no. similar: transition was

found for.2,6-TDI. samp]es. They suggested that the T2 transition

~ which. occurs in the 2,4-TDI polyurethanes is indicative of weak

-domain structure and that .the increase in Tg with. urethane concentra-
tion is due to extensive hard segment mixing with the soft segment
"phase. The absence of a Té transition in 2,6-TDI is taken to indicate
- that all domain structure which occurs is highly ordered and therefore
~ that hard segment-soft segment: mixing is minimal. A11:2,6-TDI poly-
 urethanes displayed a repeatable transition (T;) in the range 120-160°C
whereas only 2,4-TDI samples with highest urethane content showed a
T3 tran51t1on above 1500C,
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Paik Sung et a1130 studied the polyether po1y(prethane ureas) and

" polyester po]y(urethanevureas):bésed on'2,4-TDI/ethy1ene diamine/
poly(tetramethylene oxide).or poly(butylene adipate), to find out

the effect of urea linkage in the hard segment on'the'extent of

phase segregation, doma1n structure and polymer properties. - They
reported that in both series, the hard segment domains are amorphous -
: with a . very high Tg- (165‘19000) eyen.;n;1ow.ureaﬁcontent compositions.

N

3.1.3 Infrared Spectroscopy

It is well known that 1ntercha1n 1nteract1on forces, including hydro-
 gen bonding (H bond1ng).affect many:phy51ca1.propert1es of urethane
elastomers to a considerable extent] . The extent and possible forms
of hydﬁogen 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 frequenc1es, information. on the overaTI
molecular structure can be obtained. Infrared spectroscop1c 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 po1yurea or’ po]yure-
" thane hard segment and the ether oxygen.of the polyether or ester
carbonyl oxygen of the.po1yester.soft segment,

Several investigations'intO'the nature and extent of hydrogen bonding
in segmented polyurethane elastomer systems have been’ reportedSz }3] 134
'Pa1k ‘Sung and Schne1der49 1nvest1gated hydrogen bonding in two ser1es
of toluene d11socyanate 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 em Y. -
2. . Carbonyl (C=0) stretching band in the region of 1740-1700 cm'1._
3, - Ether {C-0-C) stretching band.in the region of 1300-1000 cmfl.
'_The'major NH bond at near 3300. cm".| -is attributed to. the‘hydrogen
bonded" NH groups, while a shouider on.the high frequency’ side (near
3460 cm- ) is ass1gned to the non-bonded NH groups. Theit results s
1nd1cated that 95% -of a11 NH groups are. hydrogen bonded in the so11d :
state at room temperature. - T -

The regions that are mentioned above, EE@@{&gyﬁWf;_kijerghfgg_ﬁgﬁgi
" absorptions region.(3000-2700 cm"1)fare jmportant. in polyurethane

- analysis.  Participation in hydrogen bonding dec;eases the frequency
of théfNH and C=0 vibrations and increases their. intensity, making
‘these absorptions very useful in.the study of'hydrdgen bondfng

~ effects. :Changes in hydrogen bonding can thus be fo1loWEd, 1n pr1n-
ciple, by frequency or 1ntens1ty measurements.

- Absorption of the carbonyl .groups are also of potential use:in hydro-
gen bond studies. Splitting of the carbony]'ﬁiﬁﬁg(174041700 cmf]) |
due to hydrogen bonding has.been. reported by Seymour et a1 fora
po1yether/MDI based po]yurethane elastomer. They 1nterpreted a band
at 1703 cm - as caused by .hydrogen . bonded carbonyl wh11e a band at
1733 cmf} was attributed to the free carbonyT groups. Similarly,
Paik Sung and Schne1der 4 reported splitting of thecarbony] band for
polyether/TDI baséd polyurethanes., 2,4-TDI based'po1ymers showed :
sp11tt1ng of the absorption.band into two peaks, one at 1740 cm that
~ was attr1buted to the free carbony] group, and the other at 1720 cm -1
‘that was ass1gned to the hydrogen bonded carbony] group. -Spectra of.
- 2,6-TDI based po]ymers showed two peaks at 1740 cm -1 and 1700 cm'1
' ass1gned to free and hydrogen ‘bonded carbonyl groups respect1vely
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Seymour‘and'Cooperssninvestigated‘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 250¢ giving a s1ngle peak -
"~ at 3320 cm ] As the temperature was raised, a high frequency
~ Shoulder deve]oped and the overall intensity diminished.. Non- -hydro-
" gen bonded NH groups are known to absorb at a higher frequenqy and
'with much Tower intensity, s0_that. the latter. effect can be used to .
-monitor hydrogen bond disruption.

- The dependence of the segment..size on hydrogen bond1ng was cons1dered

‘by Tanaka et a1136 - They showed that in polyether based polyurethane -
ﬁmateriaTS, the increase "in hydrogen bonding. between NH and ether groupslllf
[gggggpan:edfﬁyithe increase in soft segment size. Further evidence of -

this effect” is provided by the result of Nakayama et a'l]3q on poly-
ether/MDI/ethylene d1am1ne based mater1als.

Paik Sung and co-workers 37 investigated hydrogen bonding in two series

of polyether poly(urethane ureas) based on 2,4-toluene diisocyanate,
“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 NH" groups. 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 Tow urea content. It was noted that this type of three dimensio-
nal hydrogen bond1ng 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 the urethane carbony1 is free from bond1ng.

i
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3.1.4 X-Ray Diffraction -

X-ray scattering -Ijs:-a\-techn1que which is appropr1ate to deter-
mine the geometry of the'regularly repeat1ng unit cell and polymer
segments” in block copoiymergL%s one of the effect1ve techniques for -
investigating the ordered arrangements of atoms. and molecules
~present in a solid substance.

.
Bonart and co-worker in.a series of pub11cat1on558 ]38 ]39 140, yepor-
ted the 1nvest1gat1on of structure in po]yurethane elastomers by using
- X-ray diffraction techn1Ques. A polyurethane based on poly(oxytetra~
methylene)/MDI and extended. with' hydra21ne was 1nvest1gatedI 38 by
wide- -angle X-ray (WAXS). and- small angle. X-ray scattering (SAXS)" tech-
‘niques., They observed in relaxed samp]es a broad amorphous halo at _
4.5, R and. a weak interference ring at 12 R in the (WAXS) photographs
1nd1cat1ng the absence of crystallinity. However, at 500% e]ongat1on
the samples showed clear fibre.type diagrams having highly oriented
crystal.reflexes. This was considered due to the crystallisation of .
soft segment polyol.on.extension. .Polyether soft segments tended to
stress crysta]11se whereas. polyester soft. segments showed enly para-
crystalline behaviour. '

A small angle X-ray‘scattering“(SAXS).study140 of. a11phat1c diol

{e.g. 1,4-BD) and aliphatic diamine (e.q. hydrazine) chain extended

- polyurethanes. showed a retention of. phase segregation at Tower 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 -
"1nteract1on of carbony1 (C=0) groups with at least two NH groups '

B through hydrogen bonding -in different directions. :

The domain structure in both’ po1yether and polyester derived polyure-
thanes was studied by Ciough etral 40 41. By means - of,lnght scattering
and smail angle X-ray scattering (SAXS), they concluded that phase '
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separat1on into a domain structure occurs in both types of elasto-
mers, but to a h1gher degree in. the ponether-based polymers than

in the polyester-based polymers, possibly due.to,restr1ct1ons in
>~ the Tatter.imposed by interaction of the ester and\urethahe'groups{‘3
Samuels and Wilkes60 1nvest1gated the structure of non-hydrogen
"bonded p1peraz1ne po]yurethane using wide ang1e X- -ray scatter1ng
(WAXS) and small. ang]e X-ray: scatter1ng (SAXS) techn1ques to gain. .
- more knowledge about the detailed nature of -the spheru11t1c 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 die to the formation of .larger.crystalline’ components.

| Niikes and'YhsekT41'iﬁvestigated diol extended polyether and poly--

_ ester derived po]yurethanes by wide- angle and-small angle X-ray

. diffraction to gain some understand1ng of the extent of doma1n forma-
tion in polyurethanes of varying urethane content. They found that
the domains are generally.lamellar in shape with an average\tentre-

~ 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 po]yether can stress crysta111se and give 3 high ten511e

strength. '

Chang and Wilkes®' reported X-ray studies on a series of segmented

polyether urethanes With“po1yethy1ene oxide, polypropy]ene oxide or

~ both.soft segments. Hard segments were composed of H12MDI (Hylene W)
~and d1am1nes of vary1ng structures. A series of po1yether/H 2MDI/ ‘
" diamine materials of varying. soft segment/hard segment relative sizes = .
‘were. investigated,. Only.samp1es.W1th high mo]ecular weight soft segments
gave crystalline reflexes.. All other samples showed no evidence of
“crystallinity. ' '
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Schneider ét‘al]zs found that wide angle X?ray diffraction patterns

- of the polyurethanes. based on asymmetrical toluene diisocyanate
- (2.4-TDI) showed only a broad -amorphous’ ring and gave no indication

of crystallinity. The more symmetrical:2,6-TDI bgsedlpojyuréthgnes'nv
of highest urethane content exhibited crystalline. diffraction,

" Minoura et 31142 investigated. théIWide'angTe X-ray'dif;raction
'1ntens1ty of urethane elastomers. with vary1ng molar ratio in the
hydroxy]terminated po]ybutad1ene/HDI/T 6-HD system.’ They found an .
increase in the d1ffract1on 1nten51ty of - the elastomers W1th increase
-in molar ratio. ‘The effect of changing diisocyanates structure on

| X=ray diffraction intensity was also inveStigated by using TDI, MDI
and HDI cured elastomers. The- diffraction. intensity of the TDI- cured
system ‘was weaker than those of the MDI and HDI cured systems. This
‘was thought to be due to the spatial order of polymer segments in

TDI cured systems which is.restricted sterically, but in the MDI and
HDI systems crystallinity is easily induced because of facility in
the orientation of the pd1ymer}segménts. These series of investigations
Were carried out by using aromatic diols as chain extenders. In the
wide ang]e X-ray d1ffract1ons on the elastomers derived from catechol,
resorcinol and quinol, the d1ffract1on 1ntens1ty was shown to decrease
as follows:

Para isomet > meta isomer > ortho isomer

Y -

decreasing order



- 99

3.1.5 Electron Micrbscopy

ETectron microscopy has proved to be a successful technique for

fstudy1ng the: complex morphology of b10ck _polymers. The d1rect
observation of sample-surfaces can be: provided by scanning e1ectron

 microscopy techniques. Under favourable conditions, such as when

~ the domains are crystalline, transm1ss1on electron m1croscopy can
prov1de direct 1nformat1on on the doma1n structure in po1yurethanes '

Koutsky et a1143 studied the eV1dence of a domain structure in po1y—

ether and polyester segmented polyurethanes by using transmission
etectron microscopy. Domain.strﬂctures were observed for both

' systems and hard domains were.found to.vary from 3. to 10nm in
width. ! The re1at1ve size of the domains varies depending on samp]e
preparat1on.' ' ‘ '

Wilkes et a1144 studied scanning: (SEM) and transmission {TEM) elec-.

tron microscopy of a model series.of. four segmented polyurethanes _
(Figure 3.1). They found that. well-structured spherulitic morpholo-
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 observable via TEM, and the

. general orientation of this structure within the spheru11tes was also
-noted..

-G

soft
- segment

o T
Ho N\ | / \ |
c-n N-_C-B-C-N —_

hard_segment |

R L

G = {-OCH,CH,CH,CH=) = 0 -
Coee 1.7
B = ~0CH,CH,CH,CH,—} 0 -

n = 1;2,3,4

FIGURE 3.1: The Model Series.of Segmented Urethanes Used in Electron
_ Microscopic ?tudy=by Wilkes et al
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3.2 EXPERIMENTAL

3.2.1. Dynamic Mechanical Therma] Ana1ys1s {DMTA)

3.2.1.1 " Introduction e

" In order to understand polymer morphology andmicrophase separation, the ..

- development of short time screening tests has therefore been undertaken

in recent yeﬁrs’resu]ting in one particular technique which is now.

“_”;_1ncreas1ngly used to pred1ct su1tab111ty for service in the engineering
* " field. This 15 the Dynam1c Mechanical’ ThermaT Analyser (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 absorpt1on (tan 8). 'Qynamic Mechanical
Thermal Ana1ys1s (DMTA) senses any change in molecular mobility in the
sample as the temperature is raised or Towered. .Generally.the applied
force ‘and the resulting deformation are varied sinusoidally with time,
The time scale required for the molecular motion to manifest itseif is
determined by the fréquency;‘f, of the impressed sinusoidal stress. -

A knowledge'of the Qiscoelastid.behaviour of polymers, and-its relation
. to molecular structure is essential to understanding of both processing
and other related properties. Polymers are termed visoelastic 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.

- -swfaqé modulus (E')

Storage modulus (E') wh1ch is usua11y p1otted aga1nst temperature or
frequency with logarithmic scale, is a measure of the energy stored

and recovered per cycle when d1fferent systems are compared at the same
strain amplitude.
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" Loss modulus (E")

~

Loss modulus (E") is a measure of the energy dissipated or lost per -
¢ycle of sinusoidal deformation when d1fferent systems are compared
at the same strain amp11tude. ‘

" ‘Loss “tangent (tan 8)

'15-.Loss tangent is a measure. of the ratio of energy 1ost to energy stored L

o in a cyclic deformation. It is dimensionless parameter. tan 8 —-Er

" DMTA characterises. '~ .. - the rubber and .glassy state modulus levels,

N . - - R A F e . : T LS. R
-, - = T = T e T e P - . - . -

* Dynamic“properties. (storage modulus and tan &) are dependent on both
frequeney 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 & is shown in Figure 3.2.

;gStorage modu]us

Regioni Rubbery
! ! region

Temperature °C

© . FIGURE 3.2: Genera1 form of the effect of temperature on storage
o modu1us and tan 6 '
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The effect of increasing or deckeasing frequency is to shift the.
curves to the right or left respectively along the temperature ax1s.
F1gure 3. 3 '

Log E*(N/m2)

Temperature ©C

FIGURE 3.3 e

DMTA has been considered as one of the most effective tools in the
investigation of poly-blend and blbék'EOpolymer systems. Just as

phase separation i$:demonstrated by separate Tg- relaxation processes

in copolymers (i.e. SBR which shows clearly two Tg). $0 a reliable and -
most sensitive method for assessing compat1b111ty is the observation
of one conJomt relaxation process (i.e. blend of .PS and PPO).F|g34&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 chahges in modulus which occurred with rise in
| températurea ~In addition the'morpho1ogy and hard/soft éegment mixing
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FIGURE 3.4: Styrene-butadiene block FIGURE 3.5: Compatible blend
, copolymer, Phase sepa- exhibiting one Tg
rated o ' ~  relaxation -

3.2.1.2" Experimental Procedure

The properties of the prepared polyurethane elastomers were measured B

by using the Polymer-Laboratoty'é 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 typé shown in Figure 3.24.over a con- L
stantly changing temperature and the storage modulus (E') and tan & '
" were FacOverediand used, Analysis was carried out at 1 Hz frequency

over the temperature range -1400C to +300°C maximum, whenever possible;
heating rate was 4°C/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;thén'the test

was stopped, The log E' and tan & were plotted on an X-Y recorder

(PL 2500 JJ).

* Polymer Laboratories Ltd, LoUghborough, Leicestershire, UK,
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- 3.2.1.3° Resu]ts and Discussion

~ The DMTA results determ1ned over the temperature range -1400C to ° -

- +300°C are presented in Figures 3.6 to 3. 22 and Tables 3.2 to 3.20.

©““Figuré 3.6 shows a typical DMTA

tscqgfre' of a prepared po]yurethane .
" elastomer which exhibits a constant Tog E* value of 9 N/m2 inits
glassy region (below Tg), see Part A of Figure 3.6.-

A sharp decrease in modu]us . OCCurdy (approximately two; orders of
3 magn1tude) as the temperature is 1ncreased through the glass transi-
tion region over a narrow temperature range of approx1mate1y 20.C,
which is the rubbery region {above Tg), where no further decrease 1in
modulus is observed to occur with temperature rise, Finally at the
elevated temperature of 160°C and above, a general softenlng and 1owe-
" ring of ‘modulus occurs and all specimen clamping forces are lost. All
the PU polymer sampies-.prepared'shoeed a similar trend of relaxation.

More than one transition will norma11y be encountered.in the temperature
'rp1ahe; The main transition which is des1gnated as the a-relaxation and
enables Tg to be derived is considered to represent the soft segment
(polyol)-transition 1n the polyurethane molecule, It is considered

due to"the onset of micro-Brownian mot1on of the main chains about

| g147

At Tow temperatures a secondary. relaxation peak is observed at about
-809C and designated as a B peak The B damping peak may be attribu-
ted to the motion. of NH- or carbony1 (C=0) groups145 of the esters and
urethanes to which water mo]ecules are associated by hydrogen bonding.

~ 'This secondary peak is also ascribed to the motion of water molecules

in polyamide and polyurethane s,ystems]46 - Another secondary Toss peak

observed atlabout -1200C (1 Hz) is designated as the y'peak._ The ¥
" relaxation may be assigned to a local motion of the methylene sequences
including-polycaprolactone-polyester soft segment.

148,149
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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 « dispersion is associated with the glass

.. ‘transition temperature and is accompanied by the greatest change-in - . -- -

the stiffness of mater1als.

' f'Iﬂquence of the. dttsocyanates structure on thénmal stabtltty

- .In this: research the effect of the chem1ca1 structure of various diiso-
‘cyanates on the thermal stab111ty of thelr polyurethane elastomers is

. found by comparing five different types of diisocyanate based PU poly-

mers in which the variable was the diisocyahate. The basic formula-
tion was based on CAPA 225/d11socyanate/1 4-BD of molar ratio 1/2.6/1
'respect1ve1y The results are given in Table 3.2 and Figure 3.7, The
temperature at which the value of Tog E' changes significantly is
considered to indicate the 1imit .of thermal stability of.the polyure-
thanes. Table 3.2 g1ves the temperature for.each system at which the
storage‘modu1us starts to s1gn1f1cant1y decrease. It is seen that

the CHDI based polyurethane demonstrated 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 H12MDI based' PU starts to decrease at
1100°C*. * The other diisocyanate based 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 fa]]s Adnto the
'f0110w1ng order: '

CHDI > PPDI > MDI > TDI > H]ZMDI

-

- Decreasing therma1 stability

........................................................

% The 1imit of thermal stab111ty was determined by tak1ng the p01nt
of 1nf1ex10n. _
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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 CHDI
based PU's is the apparently constant’ dynamic storage modulus. (E')

: ”,.'possessed over ‘the. relat1vely large temperature range - of +20°C to ..

| 3+180°c or above depend1ng on. types of formu]at1on- by comparison
- the other d11socyanate based po]yurethanes show a cont1nua1 though
_often gradual, reduction- in modulus as. temperature 1ncreases._

- Figure 3.8 compares the'1055-tangents (tan_a)‘ofﬂeifferent diisocya-
nate based polyurethanes.--Three relaxation‘peaks are observed in the

" low temperature range and designated as the o, 8, and v peaks. The
overa11 effects of the diisocyanate structures are s1gn1f1cant with

the major phase changes occurring at about -15 to -33°C (Table 3.3).

' However the CHDI based PU's show better low temperature properties
(lower Tg), than other diisocyanate studied. . It is noted that the
magnitude of the 8 and y-peaks are sma]] in comparison with the a-
peak (Tab1e 3.3). '

"Iﬁquence'af'tke:mixed'diieoeyanate'structﬁre'on'thermaZTStdbiZ£ty\

DMTA data of F1gure 3.9.and Tab1e 3.4 enable 1nformat1on to be derived
concern1ng the effect of mixed d11socyanates on temperature stability.
- Figure 3.9 represents the temperature. dependence of .the storage ‘modu-
Jus and Toss tangent (tan 8) of two series of polyurethanes based on
~CAPA 225/CHDI+TDI/1,4-BD and CAPA 225/CHDI+H 12MP1/1, 4-BD. The mixed .
CHDI+TDI based PU shows higher: thermal stab111ty than mixed CHDI+H12MDI
On the other hand from the. 1nformat1on resu1t1ng from the Tables3.2
and 3.4 it is c1ear1y shown that the thermal stability can be improved
by using CHDI as a co-diisocyanate in both series of CAPA.225/TD1/1,4-BD
and CAPA 225/H]2MDI/1,4—BD'based po]ymers.-_This shows that the effect
of adding CHDI to a PU is to generally promote thermal stability.
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- Influence. of blodk.ratio on ‘the thernal 'stability ‘of PV élastoners

Figure 3.10 eompares the dyhamic mechanical behaviour (storage'modu--

.. Tus and tan 8) of two_series of CAPA 225/CHDI/1,4-BD based polyure-
' 'thanes in which the var1ab1e 1s block rat1o. It s c]ear]y shown that

" the. thermal. stability 1ncreases with 1ncrea51ng block ratio. The

“maximum temperature to which storage modulus (log E'):values will
””rema1n constant’ are also given in Table 3.5. The temperature resis-:

~ tance: has- been 1ncreaseq:by_20°Clthrough the use of the higher block
“ratio;  Higher thermal stability of the 1/3/2 PU over its 1/2/1 ana-

) Togue is. considered as primarily due to its higher CHDI content, Molar
ratios h1gher than 1/3/2 were not used because of the- 1ncreas1ng hard-

ness and decreasing flex1b111ty of the resulting PU. e1astomer.. It was
also found that the magnitude of the tan &. decreases with" 1ncreas1ng
b]ock ratio.

Influence of the ‘diol ‘structure on thermal ‘stability af‘ the PU elastomer

Figure 3. 11 shows the dynamic mechanical. property of a series of poly—
urethane elastomer based on CAPA 225/CHDI and. extended with several
different’ d101 chain extenders with a block ratio of 1/2/1, so the
variable is the chain extender., From th1s figure the following max1mum
thermal stability values are implied: '

i) P P'—biphenol'based PU.starts to lose stability at 1750C;
“11) _.Qu1n01 (1,4-benzene diol) based PU starts. to 1ose stab111ty
- at 1700C; : o :
iii). Catechol (1 2-benzene diol) based PU starts to Tose stab111ty
~ at 125%;
Siv) 1,5- naphtha1ene diol based Py starts .to Tose stab111ty at 1650C;
vy 2,3 naphthalene diol based PU starts to Tose stability at 1000C;

.'vi) - Di(4- hydroxypheny1) sulphone based PU startsto lose stab111ty

at 1500,
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These results clearly show that para isomer of benzene‘dio1 chain

extender gives higher thermally stable polyurethane than 1ts ortho
1somer.,

| .\‘ I.l“ >

5 . Para > . Ortho

Increasing thermal stability

A similar result‘is'obtained'by‘comparison between the'thermal stabi-

~T1ity of 1,5-naphthalene. diol.and:2 3-naphtha1ene diol chain extender
| based polyurethane elastomers:

“ __

Increas1ng thermal stab111ty

Finally the effect ef chemical.struéture of cha{n extenders on thermal
stab111ty can be obtained from Table 3.6, Through Table 3.6 the f011o-
wing order of decrea51ng thermal stability is observed

"@“ QZ@©~

Order of decreasing thermal stability —

—n=
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Figure 3.12 represents the. temperature dependence of fhe_loss
tangent (tan §) for the various chain extender containing polyure-
thanes, - A1l series dispTay three relaxations. labelled o, B-and v.

"The major relaxations are charactérised by a decrease.in modulus. over\ﬁjmnj,i,

a narrow temperature range. The relaxation temperature and magnitude
of tan s 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 basednpOTymers by using four different diols as a chain
Iéxtender with molar ratio of 1/2.6/1.. Figure 3. 13“compafes 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 fo]wa{hg order of decreasing thermal stability can be
presented: | - e

RatatatatiaNasse:

.. Order of decreasing therma1 stability ———

0_

The glass transition temperature of these systems is also given in
‘Table 3.9 accompanied by B and y transition temperature and related
tan &
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with dzols_

F1gure 3.14 compares the dependence of " temperature- stab111ty on diol

“”'E‘and diamine chain extended polyurethane elastomers’ baséd’ on’ CAPA 225/

“CHDI/chain.extender with mo]ar rat1o 1/3/2. The diamine which is- se1ec-

\"eeted in this study was Polacure and the. diols were: T, 4-BD, 134-BD +

-1 ;4~CHDM and 1,4-CHD, The maximum. temperature. to-which-storage modu]us i

= (log E') values of PU will ‘remain constant . is given in-Tabie 3,10, From -

the f1gures the f0110w1ng max1mum thermal stab1]1ty values are 1mp11ed

*\i) 1,4-BD" +'1,4-CHDM based‘PUES start to 1ose”stabijity at 175°C;.
©41) 1,4-BD " based PU start to, lose stability at 1850C; |
i) 1;47CHD based PU start'to lose stability at 200°C;

iv) ﬁolacure based PU.start to Tose stability at 2300C,

- .As the results show the temperature‘stabiIity'is higher 1in the'case of
using the diamine chain extension agent. The higher thermal stability
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. '

‘¢lastomer

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;thermaT'stability of each PU is enhanced; for ..
example in the case of the 1/2/1 block ratio (1;4-BD@ system) from a
position of complete thermal equilibrium up to 155°C log E' has lost
0.1 Nm~2_by 170°C when :crosslinked with 5% excess diisocyanate whereas ..
the same PU crosslinked with a 45% excess of diisocyanate haS’enhanced
temperature resistance remaining in equilibrium to 190°C and Toses the
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same amount of modulus (0.1. Nm‘2) at 205°C.'hence its temperetufe
resistance has been 1ncreased by 350C through the use of 1socyanu-
rate crossl1nk1ng.

R

T S I

- Tables 3.12 to 3.15 and'Figures 3.15 to 3.18 giVe the temperature'for'

each cross]1nked Pd at which the storage modu]us starts.to s1gn1f1cant1y:.n.w4*

decrease. It can be seen by 1inspection’ thet an approx1mate1y Tinear * ' °
*relat1onsh1p app11es between ‘the quant1ty of crossl1nk1ng 1n a Py and

© its thermal stability, Very genera]]y;for every 5% increase in the = BIRE

amount of excess diisocyanate Teft in the cast PU the. temperature at
which the PU remains stable increases by 5°C.

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 DMTA data of F1gures 3.15. to 3.18 enab1e 1nformat1on to .be. der1ved
concerning the effect of crossI1nk density on low temperature st1ffen1ng
~ and glass transition temperature (Tg). -In.brief the overall effects

of the large crosslink density changes are small with the major phase
changes occurring at about -35°coend -809C. .Their. presence, ee dis~
cussed before, is ascribed to the micro-Brownian motion of the amorphous
p01y01 Segments. The main transition at about -350C is des1gnated as
the a-relaxation: and enab]es Tg to-be derived, it is con51dered to
represent the soft segment_(polyol) transition in the PU molecule,

- Influence of ‘chain extender structure coupled with crosslink dengity
on thermal stabtltty '

F1gure 3.19 compares the DMTA property of E:! ser1es of po]yurethane
elastomers based on CAPA 225/CHDI and extended with several  different
diols and diamine chain extenders:with a biock ratio of 1/3. 9/2. So _
the variable is chain extender. The polymers also contain 30% excess
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show clearly that using:excess CHDI together with- chain extender
structure can giverhigher temperature stab111ty. For example in the
“-'case’ of "the Polacure based PU,-this when crosslinked with a:30% excess
of CHDI" has enhanced temperature res1stance rema1n1ng in equ1l1br1um

CHDI which acts as crossl1nk1ng agent into PU e]astomer. The'resu1ts‘

“ '*ifﬁxpup to 260°C, The maximum- temperature to wh1ch storage modu]us (109 E' )
" ivalues-of the PU elastomer remain constant are given in Tab1e 3,16.

"~ "It can be seen by 1n5pect1on that the thermal stability. of PU. e'Iastomersm
L 1mproved by the effect of -the:chain extender- structure together w1th ‘

;1socyanurate crossl1nk1ng. Through this resu]ts ‘the. fo11OW1ng order of “
'decreas1ng thermal stab111ty can be observed

1

'PolaourE}P.P'bipheno1 > 1,4-CHD > HQEE.> 1,4-BD0.> Quinol > DHS

Figure 3,20 shows the effect of us1ng tr1methy101 propane (TMP), a
trifunctional chain extender and as a crosslinking agent .in comparison
with the mixed Dianol (22+33) chain extender in the soft.po]ymer_series.
Table 3.17 gives the. maximum temperature to which storage modulus (log E')
values of the PU elastomer will .remain constant. . As the results show
“the thermal stability increases by using TMP .as .a chain extension agent..
Increasing thermal stabi1ity is believed to.be due. to increasing cross-
11nk1nq density in the TP based polymer, so'as in most polymers increa-
 sing cross11nk1nq dens1ty increases thermal stab111ty on the basis that =

more borids need to be broken before serious network breakage becomes
apparent. ' '

Table 3.18 gives the temperature dependence of the 1oss tangent (tan 5)
" for these soft polymer series, - By’ compar1son between these results '
(see Figure 3.20) with the results obtaining from hard po]ymer series

~ (see Fiqures 3,12 to 3.19) it can be seen that the main a-transition -
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|

_ | - : : : _
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
popo]ymer of.bo]ycapro]actone (CAPA 720*) was employed instead of
CAPA 225. The results which are given in Table 3.19, show that the
' g]aé; transition temperature will be about 9%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 14°C 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.

- -* Interpx Chemicals Ltd
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TABLE 3.2: Maximum temperaturesto which storage modulus {log E')"
values of polyurethane elastomer will remain constant*

9»@;séhbjgzl,;x--;ijyﬁegof:i';; |- Lo EV.. Todmﬁm
.« --No-- | Diisocyanate . (N/mz) L
B R A - S B S S I
. B125 . .| . PPOI .. AT 155
SBIB . MDIT 6.4, | as0.
g1 | ooTr 6.1 | 1B
B134 Hy,MDI ' 6.2 | 100

- * The po]ymers are based on Capa 225/d11socyanate/1 4-BD with b1ock
- ratios 1/2 6/1

TABLE-3;3:V o and B trans1t10n temperatures of polyurethane elastomers
' ' based on d1fferent diisocyanates .

Sample Type of | 8 Transition o Transition
No Diisocyanate [— :
| tan & o0 | tans ToC
B63 .|  CHDI 0.032 | -78 0.285 -33
B125 |  PPDI 0.031 -78 | 0.375 | -30
'B138 | M1 . | 0.027 -18 | 11 -15.
B135 | . TDI 0.032 -78 1.0 21
©BI34 | MDD | 0.03 | -78 0,575 | -22°
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 TABLE 3.4: ‘Maximum temperature to which storage modulus (Tog E')
~values of polyurethane elastomer will remain constant*

Sample Type of Tog E* " o
. No - . Diisocyanate -~ | (N/m?) '~ . .
B38 CHDI +TDI. "~ | - 7.4~ © | . 155
1 CHDI + HyMDL . | = 7.0 - | . 130

% The polymers aré based on Cépa.225/diisoqyanaté/1,4-BD with block
= ratios 1/3 (1.5 + 1.5)/2

Vi
A

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” | Tog E' (W/m2) -~ | To%
1721 | 7.2 \ 160
1/3/2 7.6 S A £

- * The polymers are based on Capa 225/CHDI/1,4-BD
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16

Maximum temperature to which.storage moduTus (Tog E')

- values will remain constant in the case of using different

.chain extenders*

| sanpte f “Typeof T |7 Tog BV ef - TOLT | - Structure of
o No- Chain. . - (N/mz) .. ] -.Chain Extender
B Extender _ o
- P,P'-biphenol’ | 7.1 57| o
B58. | Quinol - |68 | 170 | HO-C)-0H. .
B67 | Catechol 6.8 125 OH
| - | a OH
' g57 1,5-ND 6.6 165
B68 | 2,3-ND 6.8 100 OH
_ . ' ‘ u
- DHS 7.1 150 HO{C:)—%<C:>rOH
LT 0 )

~* The polymers are based .on Capa 225/CHDI/cha1n extender with molar ratio.

1/2/1

TABLEB 7 ¢ , B and y transition temperature of po1yurethanes in the case
of using different diol cha1n extenders* o

Not m

| Type of v Transition g Transition o Transition
Sample Chain
No | Extender| tan & ‘TO. tan s | T°% | tan & ToC
P,P'- 0.042 | -110 | 0.033 | -75 0.41 | -32
biphenol ' o
- B58  |quinol “¢k | oxx 10,03 | -80 0.4 -37
|- B67. |Catechol | 0.027 | -117 | 0.028 | -80 0.42 | -37
| B57 |1.5-ND | 0.037 -114 | 0.034 | -75 0.45 -33:
B68 12,3-ND 0.035 =113 0.031 ~78 0.46 -34
- DHS 0.035 -Nn3. 0.028 -79 0.37 -33
* As Table 3.6
*k easured_
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TABLE 3.8: Maximum temperature to which storage modulus (log E')
' ~ values of polyurethane elastomer* will remain constant in
the case of using different chain extenders

' No Extender - (N/mz) - o o Extender - ‘

"Bg2 | Pyp-bipheriol | 7.3 | 205 7|

4| s fauinel o7 faso | Ho-'OH

B9& | DHS 13 pan | a.

o ' ' o 3 o
B95* | Bisphenol A | 7.0 | 140 [ HO-@-C- ~OH

*The:po1ymers'are baséd on Capa 225/CHDi/chain exténder with molar ratio
1/2.6/1 .

TABLE 3.9: o » B and .y transition temperature of polyurethanes in the
case of .using different diol chain extenders

Sample | Type of { vy Transition: g Transition o Transition
No Chain - -

. | Extender | tan & TOC tan § TOC tan & TOC

B22 | P~ | 0.037 |-121 | 0.038 | -79 0.26 | -35

o ‘biphenol S : . N I

B23 { Quinol B e 0.029. -80 - .0.23 =37

B94 DHS 0.037 | -118 0.028 | -79 0.27 -38

B9S Bisphe~ 0.037 -116 $.031 -83 0.46. -38

nol A ' :

- * As Table 3.8
“*%x Not measured
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TABLE 3.10:. Maximum temperature to which stofage modulus (log E')'
values of polyurethane elastomers will remain constant.
in the case of using diols and diamine chain extenders.

L Type of Chain . . = -} : Loé E ' _ ' } 1%
- Egtender*.fiv;‘_f" Co (N/m?) N
1,48 R N s
1,4-BD +1,4CHDM - | © - 7.4 AT

 1,4-CHD ' 7.4 . 200
Polacure ~ '_ 7.4 o230

LR

* The polymers are based on Capa 225/CHDI/cha1n extender w1th molar
ratio 1/3/2

TABLE 3.11: o and 3 trans1t10n temperatures of po1yurethane elastomers
S based on various cha1n extenders* ' .

Type of Chain B Transition - _ e Transition
Extender - tan ¢ 19 tan & T0¢
1,8-8D; - 0.027 -77 0.17. | -30
1,48D. +1,4CHOM 0.028 -77 - 0.19 =30
1,4-CHD . 0.023 -80 . 0.18 -33
Polacure | o-021 -80 0.21 | -32

% As Table. 3.10
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TABLE 3.12: Maximum temperatures to which storage modulus (log E')
' values of the crosslinked polyurethane elastomers® will
remain constant

:B1ock'Ratio % Excess_- ' | ‘Log E'. | R )
R ~ CHDI o w2y F
120400 | 022 :;-f- ? 7.2 o .ms |

IR PP P Y RS- IE R S SRR B I

1:2.2:1 R A 170
1:2.3:1 5 | 73 173
1:2.4:1 20 | 73 | 180
1:2.5:1 25 | 74 180
PRI - I 74 | s
2,731 B 7.5 183
1:2.8:1 R BN A RS 183
1:2.9;1 T R 188
1:3.0:1 0. 75 | 190

*The polymers are based on Capa 225/CHDI/1,4-BD and the data is derived
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 stbrage'modu1us (log E')
‘ ' - values of the crosslinked polyurethane elastomers will.
remain constant* .

| mesario ]RGS | GRE e |

- 1:3}02:2‘11 1 02 | 715 - 165
©1:3.15:2 5 | 715 70
1:3.3:2 0 75 ] s
1:3.45:2 15 7.58 178
ez | 20 7.8 180
1:3.75:2 25 7.60 185
ez | 000 | 7.5 190
1:4.05:2 | 35 1 7.7q' | 190
1:4.2:2 40 | 7.70 200
1:4.35:2 45 7.70 200
1:4.5:2 B0 s 205

* The polymers are based on Capa 225/CHDI/1,4-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’ femperature to which storage modulus (log E')
: -values of the crosslinked po1yurethane e1astomers will
remain constant* '

I Samp]e‘ | Block . | ..% Excess:..|.Log E', . o T%C, . |
Y+ No ' Ratio - PPDI Y S (N/m2) o
giig |, wezr |- o | 72 |, 10
Bl2zo | 12.2n | 10} 72 | 130
B123 1/2.4/1 .20 1.2 145
. B125 1/2.6/1 30 7.2 1 150

*The polymers are based on Capa 225/PPDI/T,4-BD

TABLE 3.15:. Maximum- témperature to which storage modulus - (Tog E*)
values of crossl1nked polyurethane e1astomer w111 remain

constant
Sample Block . % Excess { LogE' | TC
No . .Ratio - CHDI (N/m2) -
B84 | 1/3.15/2 5 7.6 180
Bs | 1/3.75/2| 25 7.8 | 200

* The polymers are based on Capa 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 o
constant in the case of using excess’ CHDI and d1fferent
chain extenders

N R TR T

o] JExtender | " CHDI' | - WLE
- P;P;biphEHo1 Jjg'- : 7;547-;“:: : ‘23°.L

14-ci0 ] 30  7.64 | 20

HQEE 0 sg s

14 0 72 212

.Qﬁino1 ‘ f- '- 307;- | f 7.7.30. “‘ 1l. 192

" 0. 7.66 162

* The po]ymers are based on Capa 225/CHDI/cha1n extender w1th block-
| rat1os 1:3.9:2
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TABLE 3.17: Maximum temperature to which storage modulus (1og E')

- : values of the polyurethane elastomers will remain
constant in the case of using excess PPDI and d1fferent
chain extenders

Y

va{Ch§i9:5¥t¢"der | - %:Excess pPDI - log BV N T0¢

N SR o L _ Ciierd s 4.“ ) . S . : ‘ .
Dianol 22433 + . o el tge e o
TMP (141) 1 30 6550 200
TMP 30 - 6.6 210

- The: polymers are based on Capa 225/PPDI/cha1n extender with block ratio
1 3.9:2

TABLE 3,18: Temperature dependence of the a and 8 transition for
Capa 225/PPDI type polyurethanes based on various chain

extenders
8 Transition o Transition
Chain Extender
tan & TOC tan ¢ 70
Dianol (22+433) 0.028 | -73 0.86 | +13
Dianol (22+33)+TMP | 0,023 -73 0.74 | +11
™ | e f -7z | o.os3 |47
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TABLE 3.19: Temperature dependence of the a-transition for the
~ various polyol containing po]yurethanes in PPDI/TMP
based polymers .

: . The Polyol/PPDI/TMP System
e v e PR g-transition . Nl ;
Cpatyer e L . R
) | tan & B 0
Capa 225 . : 0.53 Y
Capa 720 g 10.36 . -2

TABLE 3.20: Temperatufe dependence of the a-transition for the
S various polyol containing po1yurethanes in CHDI/PoIacure
based polymers '

.. The :Polyo1/CHDI/Polacure System

“a~transition

Polyol .
B tan s . TOC
Capa 225 013 | -3
 Capa 720 . 0.15 a9




FIGURE 3.6: A typical DMTA (1 Hz) scan foriafpo1yufe£hane samplg
- heated 'at"49C/min. The scan shows a, B and y -
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Storage modulus as a.means. of observing the dependence
of temperature stability on'chain ‘extenders structure
' _( PU type: Capa 225/CHDI/chain extender )
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FIGURE 3.19: DMTA scan as a means of obsérving the'dependence of temperature stability on both
o vchain extenders structure and crosslink density in the case of using 30% excess CHDE - 4405
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FIGURE 3.23: A Schematic View of the Mechanica]_He'ai: - cut away
: view ' -

FIGURE 3.24: Urethane sample clamped in the PL-DMTA prior to measurement -
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3.2.2 Differential'Seanning;pa10rimetry (DSC) |

3.2. 2 1 Introduction.

"Thermal propert1es of the var1ous1y prepared po1yurethanes were also . ..

~investigated by differential scanning calor1metry (DSC) Among all '
-the thermal techniques available, DSC is one of the most widely used
efor'p01yorethane studies. Its usefulness as a significant analytical

 techn? 4UE is7to followalmost any=physical and chemical changes that: -

" oceur and produce a change in entha]py and can therefore be followad
by ca]or1metry150. DSC is a techn1que which measures the heat flow

into or out of .a sample re]at1ve to an inert reference material when

both are subjected to the same linear increase or decrease in temp-
- erature. The temperature difference between the_saﬁple and the
" reference is measured ueing twin thermocodp]es connected in position,
When the temperature of the sample is equal_to the reference, the
two thermocouples produce-identical yo]tages_and therefore the oet
* voltage equals zero. When; the temperature between the two differs
there is produced a net voltage which 1is proportioha]_to the diff--
erence initemperature between the reference and the sample under
examination. Thus net voltage is amplified and recorded on the Y-
axis of an X-Y recorder. The temperature of the experimental ref-
erence material wh1ch is var1ed at a programmed constant rate, is
monitored on: the X-axis. '

With regard to polyurethanes, ‘it was be11eved at first that observed
| thermal tran51t1ons genera11y fell into three groups as fo1?ows



144

- 1) Below -30% F[assecieted with the'Tg of the soft block;

1) Between 80-1500C - frequent]y ascribed to the d1ssoc1at1on |

. of fsuft/hard segment’ j&drggémbonj R

- e - e et e

. R N
‘:“} . k" e

§i1)  Above 160°C - associated with the thermal dissociation of hard

e block:aggregates-which“may:be cnystallipefgg,peracrxgje]ljpe,“

- 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 a1together. The transit1ons above room temperature are
also now thought to be the result of changes in 1ong and short ordering

© - and not hydrogen bond d1ssoc1at1ons

These transitions have been 1abe1led by Seymour and’ Cooper56 127

follow:

i) 70-80°C,'Tm of shortest‘avefage hafd'segment. Sometimes this
reflects the melting of soft segment crystallites.

i1) 145-170°C, ‘Jong range order hard segment melting.

eiii) Above 1859C, relatively well ordered micrbcrystal]ine aromatic

y po]yurethane hard segments (not seen in po1yurethanes w1th _
 short hard segment 1engths) ‘



145

A schematic representation of ordered, non-crystalline domains and a

highly ordered, crystalline domain are shown in Figure 3.25

96

FIGURE 3.25;

A“i FLTON 8

Schematic repreSehtation of two types of hard segment

domain order (broad line - hard segment; thin line -
soft segment). A-order, non crystalline hard segment
domains; B-microcrystalline hard segment domains.96

3.2.2.2 Experiménta]’Procedure

DSC ¢ RBrmadral.  of prepared polyurethanes were measured on a Du Pont

990 thermal'ana]yser.in conjunction with a standard Du Pont.héating i N
| ansHl were recorded using urethane samples of 10-15 mg

which were encébsﬁlated in a small aluminium.panl An empty pan was

used as a reference.

In the case of some samples the cell was cocled

to approximately -120°C by pouring Tiquid 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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heated at’a constant rate_df;20°C/miﬁ withga steady purge of dﬁy‘hitro-
gen passing through. The [5CaNSwy: . were recorded between -100°C and
3009C or room temperature and '350°C on a .two pen. recorder, each pen

¥ “baing set at different sensitivitiesof 5. and 10 mV/cm: The simplified

:'b10ck d1agram of the therma1 analysis apparatus is shown in Figure
325 | |

'7?‘25”;.tProgram5 ) .;;fr Sample : ;lg:;ﬁ 4—;;—— ﬁ;trogen .
Du Pont 990 Thermal | . §{ Du Pont 910
~Analyser. <-4 [DSC System
(Programmer/recorder) )
Recorded - SRR
Results

FIGURE 3.26: Block diagram of  the fhermaT anaTysiS apparatus’

 Before a thermal ana1ysis.experimént, iemperature caTibration of the
apparatus was made with ihdium as a reference standard which has a
crystalline melting point of 156.69C. DSC samples were prepared from ;><i
cast moulded sheets. o R |

| 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. des1gnate the
.pos1t1on of the transition temperatures.
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. Fiqure:3.27 shows the DSC scans of various diisocyanate based'poly—.

urethane elastomers with the formulation.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: : "_'
. itaken for these polyurethanes. ‘Those endotherms, which are obser-
' ved to ocecur’ at ‘above ioom temperature are*assoc1ated w1th hard seg-
_ment doma1ns. The temperature at which the first transition takes
i l;p1ace above room temperature is . cons1dered to jindicate, the Timit of .
‘thermal: stab111ty of the:PU- elastomers,-Table 3,215 “gives “the “transi--

tion temperature for each system and 1t can be seen that the CHOI

ibased:po1yurethaneﬁe1astomer.demonStrates relatively higher thermal

stability than other diisocyanate based elastomers. As seen in

_'Tab1e 3.21 the first transition (above room temperature) of the CHDI
~ based PU takes place at 2499C while the first transition of HyoMDI

based PU happens at 80°C. 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 II). is attributed to dissocia-
tion of Tong range ordering in the hard microphase. The highest endo-
therm {Transition III) s considered to correspond"to microcrystaliine

hard segment melting This.is defined as the & relaxation in’ the dyna-
mic mechanical test procedure (DMTA).

' ‘Ianuence of the ma:ed dusocymte structur'e |

- DSC- results of F1gure 3,28 and Table 3 22. enab]e 1nformat1on to be
. der1ved concerning the effect of m1xed d11socyanates on trans1tion

temperature. Figure 3.28 shows the transition behaviour of three
series of. po]yurethanes based on CAPA 225/H]2MDI/1 4- BD .CAPA 225/

'HTZMDI -+ CHDI/1,4-BD and CAPA. 225/TDI-+CHDI/1 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 Hy,MDI +.CHDI based PU shows higher

transitions  than HIZMDI based polyurethane. Thus it is clearly seen

- that the thermal stab111ty of a po1yurethane can be improved by using =

" CHDI as a co-diisocyanate in: Hy,MDI based PU elastomer. It is also:- ST

shown that the mixed TDIL. + 'CHDI based PU shows h1gher ‘thermal stab111ty

- than m1xed_H12MDI +_CHQI_based polyerethane. Through Table' 3.22 the
following order‘of-decreasingithermaI stability is observed:

CTDI + CHDI > Hy MDI + CHDI > Hy MDI

.«

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).

‘Iﬁfiuence qf[block ratzo

F1gure 3.29 compares the tran51t1on temperature of the two series of
PU elastomers based on CAPA 225/CHDI/1,4-BD with block ratios of 1/2/1
and 1/3/2 vespectively. ‘It is shown that the transition temperature
increases with. increasing block ratio. Transition temperatures of
these PU . elastomers are given in Table 3.23. As seen in this table,
‘the transition temperature 1ncreases by .24 T through the use of the
higher block ratio. - |

Figure_3;30.shows.the.fﬁﬁfiﬁﬁﬁ],f 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 is designated by

arrows. Table 3.24 g1ves 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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o P, P b1phen01 > 1.5-ND_ - > Catechol . - 2,3-ND

' L*f"]‘ Order of: decreas1ng therma1 stab111ty of . var1ous cha1n extenders s

P O TRy

'The 1nf1uence of . the d101 cha1n extender structure on tran51t1on
_ behaviour of PU elastomers was also’studied in a series of CAPA 225/
o CHDI/cha1n extender based poTymers by us1ng d1fferent d1ols as cha1n
s *extender W1th a PU of molar.ratio of 1/2.6/1. F1gure 3. 31 compares -
the DSC- Yy l; of these_d1fferent.cha1n extender based PU elas-
© tomers. The hard segment.tranSition.temperaturesef'tnese“pb1ymers are
~ given in Table 3.25. From the data obtained from this table, the
: .f011owing order of decreasing stability.can-be presented:

OO QEO @f‘?@

" Order of decreas1ng stab111ty of various chain extenders

' 'I@f’luence of the "diamine ‘chain extender in. compamson with dwls

F1gure 3.32 shows the DSC scans of diamine and diol extended PU '
’e1astomers based on CAPA 225/CHDI/cha1n extender with molar rat1o of
- i+ 1/3/2. The diols which are selected in this study were 1,4-BD,.
- 1,4- BD +.1,4-CHDM, 1,4-CHD and the diamine was Polacure. Hard seg-

‘ment trans1t1on temperatures of these PU eiastomers are given in
Table 3.26; As seen in this table the: Polacure based PU eTastomers _
-show a h1gher hard segment tran51t1on temperature and therefore, h1gher

o _thermal stab111ty by compar1son W1th the d101 based PU e1astomers.

_‘ 'Influence of gxcess. dmsocyamzte

F1gure 3 33 represents the dependence ef transmt1on temperature on '
,,,,, . 'excess d1lsocyanate crossl1nk1ng ina po]yurethane e1astomer 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 1ncreases from
0.2% to.5%, the hard segment transition temperature increases from
2050C to 2539C; -“hence the temperature resistance is increased by
-nearly 50°C through the .use of excess: d11socyanate in the synthesis
of the polyurethane elastomer. . It can be seen that. an approximately
linear re]at1onsh1p applies between the: quantity of crosslinking in a
PU and'its hard segment. transition, Very generally. for every 1% 1ncrease,,
-in the?amount of excess d11socyanate'1eft1n the- cast- PU the transition
* temperature increases by 19C.:

| Figure 3,24 shows the DSC scans of the crosslinked PU elastomer based
on CAPA 225/CHDI/1,4-BD + 1,4-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 isotyahurate;cross]inkihg. Figures  3.35 and 3.36 also show -
the DSC scans of crosslinked PU .elastomers based on. CAPA 225/CHDI/
1,4-BD and CAPA 225/CHDI/Polacure systems respectively. Both figures
repreeent .the effect .of using. excess diisocyanate.on‘transitiOn'temp—
erature, and hence on thermal- stab111ty The position of the transi-
tions are shown by arrows. | '

Figure 3.37 shows the-DSC scans.of CAPA 225/CHD1/1,4-BD + 1,4-CHDM
based PU elastomers 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}Tab]e 3.29.

As seen in the table the gleSS'trahsition temperature ie similar to
the DMTA results (Figure 3.16).. It is important to note that the

- effect of using excess diisocyanate on glass transition temperature

" of PU elastomers is very small, this means these PU ejastomers are
strongly phase separated. |
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DSC scans of PPDI based. PU. elastomers are shown :in Figure 3.38 and -
. the position of. the hard'segment transitions are designated.by arrows.
The exact transition temperature of these po]ymers is given in Table

13.30. As seen in ‘this tablej the hard segment. transition temperaturé$f- L

is also increased in the case of PPDI based .PU- e1astomers due to the
use of excess d11socyanate.

i Influence of 'éhﬁiﬁ"‘éﬁé‘b’éﬁd@'r-'é%rii&t’izi"efaoupied with ;crdés'liﬂking

Figure 3.39 shows the DSC'ifiscah&uf - ‘of a series of PU elastomers

" based on CAPA 225/CHDI and extended w1th several different diols and

idiamine 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 §tructure'can;give higher hard segment transi-

- ‘tion temperatures.:. For example, in the case of the Polacure based

- polyurethane, this when crosslinked with a 30% excess. of CHDI has
an enhanced hard egmeq;)trans1t1on temperature occurring at 343°C
It means that the thermal. .stability .of PU elastomers may be improved
by the effect of the chain extender structure together with iscyanu-

rate crosslinking. Through the results obtained from Table 3.31 the
following order of decreasing thérmal stability can be concluded to
apply through the use of the DSC.technique and this.enables conclusions
similar to the DMTA results to be made.

.Polacure > P,P-biphenol.> 1,4-CHD > HQEE > Quinol > DHS = |
Order of decreasing thermal.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 TMP 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 ™P + Dianol.(22+33) and Dianol (22+33).
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chain extenders. This increasing transitionftémperaturé_is.atfributed '
as due to increasina crosslinking density .in the TMP based polymers.

: Figuré 3,40 also shows the DSC scan of a°soft,bojymer-based”on CAPA
231/CHDT. and chain extended with CAPA 305, -The.hard segment-transition
 temperature of this PU elastomer is also given in Table 3.32.
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Transition Temperatures (above room temperature) of

various diisocyanate based polyurethane elastomers*

Sale | itcocyanage. [ ToNEIHOR Temeratures
No- . 7T g o 11 % 111 o¢
B135 |- tor | 142 - | a5
- B134 CHpr 80 | 185 250
“B138 |> M | W0 | = w250
B125 PPDI 190 221 261
. BB3 CHDI - 249 -

The polymers are based on Capa 225/d11socyanate/1 4 BD with block

ratio 1/2.6/1

TABLE 3.22:

'~Trans1t1on Tempevafufes of mixed diisocyanate based poly-
- “urethane elastomers*; ;. a means of obserV1ng the effect -
of CHDI on therma] propartus

Transition Temperatures
§aﬂg1e Diisocyanate ‘
| SRR 10 . 11 Oc - I11 ¢
B27 Hy MDT 62 04 | sz
B12 - Hy,MDI+CHDI 70 183 - 243
B38 . | TDI+CHDI | = 67 196 242

* The po]ymers are based on Capa 225/m1xed d11socyanate/1,4 BD w1th
block rat1o 1/3/2 ' .
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~ TABLE 3.23:  Transition temperature of PU elastomers (i - a means of
' . .observing the effect of block ratio on- thermal properties

- Sample : Polyoli. | Diisocyanate Chain - | - Block Transition*
~-No -}o--. ). |Extender | Ratio |:- 9% -
'B59  |Capa225( CHDI . | 1,4-BD | 1721 | = 228
B84 . fCapa 225, CHDI - .j 1,4-BD 1/3/2 - 248

% Hard segment transition-

Transition temperature of different chain.extender based
PU elastomers*: ; a means of observing the effect of chain
extender structure on thermal properties

TABLE 3.24:

B

Sample No - Chain Extender - ' T”a"ségiU“ **
B68 | 2,3-Naphthalene diol . | 230
B67 ~Catechol. o 250
BS7 1,5-Naphthalene diol 280
- P,P'biphenol . 285

*  The polymers are based on Capa 225/CHDI/cha1n extender with bliock
- ratio 1/2/1 _ _

*k Hard segment trans1t1on

Tran51t1on temperature of. d1fferent chain extender based
PU elastomers* 4in the case of using excess diisocyanate

TABLE 3.25:

, {Sémp]e | - Tr‘anséé1on f*
 B95 Bisphenol A - 214
B94 ~ DHS | 228
. B92 . P,P'bipheno1 288

*  The polymers are based on Capa 225/CHDI/cha1n extender w1th b]ock

iratio 1/

2.6/1

f*. Hard segment trans1t1on
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,‘TABLE 3;26:"Tran51tion temperature of diamine and diols based PU
: © " elastomers* 7x & means of observing the 1nf1uence of
~ their structure on therma] properties

sample Mo - -| . - Chain Extender Transjtion* = |
" Capa 18.6 © 1,4-BD + 1,4-CHDM 5
B34 1,4-BD | 25
~B51. s 7 | T,4-CHD o L4
;B142- b polacure - T 334 o

*  The polymers are based on Capa 225/CHDI/cha1n extender with block
ratio 1/3/2

%% Hard segment transition

" TABLE 3.27: Transition. temperature of crosslinked PU elastomers® ;-
a means of observing the 1nf1uence of excess. d11socyanate
on thermal properhes . .

sample No. ~ | 33P3 [B59 | B60 |B61 | B62 |B63 |Bo4 | BG6 | A'6

% Excess CHDI | 2 |5 | 210 | 115 [ .20 ["30 35| 45 |.50

Transition ** | 205 225 | 237 | 240 | 242 {246 | 250 251 | 253
o¢ ' '

* The po]ymers are based on Capa 225/CHDI/1 4-BD with block ratio 1/2/1
to 1/3/1

. ** Hard segment transition

TABLE 3.28: .Transition temperature of crosslinked PU elastomers based
- on Capa 225/CHDI/1 4-BD+1,4-CHDM with block ratio 1/3/2 to
‘1/4.2/2 . ;' a means of observ1ng the 1nf1uence of excess
CHDI on- thermal propertms ' -

Capa

% Excess CHDI | 0.2 |. 5 [ -1 | 25 [ 30 40
Transition* Cot6 | 248 | 2541 | 262 | 265 | 267

* - Hard segment transition
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TABLE 3.29: - Transition temperatures of mixed chain extender based’
‘ ) PU elastomers*. 3 a means of observ1ng soft. and hard
segment trans1t1ons '

Samp]e L g Excese | Tnansitibn Temperature -
“1No ~ CHDI : . , "
. | : ' e e ek Tg _oc(a) 7' . . Tg Dc(b) .
Capa 18.6 [ 0.2 .~ -3 L 246
- B77 20 o -35 257
,329_: - B - I 35 265

() Tg of soft segment

(b) Tg of hard segment

"- 3\ * - The polymers are based on Capa 225/CHDI/1 4 BD+1 4 EHDM wath block

ratzo 1/3/2

TABLE 3.30: - Tnans1t1on tempenature of PPDI based PU elastomers* . a
L means of observing the influence of excess. PPDI on therma1

properths
Sample No ' B118 [ B120 | B123 | Bi24 | BIZS B126 .
% Excess PPDI | 0 | 5} 20 25. | 36 | 35
Transition . .
Temperature °C**} 135 183 184. 187 190 | 192

*  The polymers are based on Capa 225/PPDI/1,4-BD with’ b]ock ratio
1/2/1 \ .
**  Hard segment transition

TABLE 3.31: .Transition temperature of crosslinked. PU elastomer based
- - -on various diols and diamine chain extenders* i;: a means
of observing the effect of excess CHDI and chain extender
structure on therma] properties ‘ _

P,P'-Bi- Pola-

Chein-Extender ‘ DHS Quino] ],Q-BD HQEE |1,4-CHD phenot - | cure

% Excess CWDI | 30 | 30 [ 30 | 3| 30 | 3 | 30

‘Transition“°c**' 245 | 268 270 | 285 | 290 f 305 343

.~ * Based.on Capa 225/CHDI/cha1n extender with b]ock rat1o 1/3 9/2
**° Hard segment transition -



TABLE 3.32: Transition temperature of soft polymer series PU elastomers

Sampie No. 'Polydi; | Diisocyanate | Chain Extender Block Ratio Di§55§;::§té Trangétion
_B103 Capa 225 | . PPDI ‘| Dianol (22+33) 1/3.9/2 30 276
B106 Capa 225 |  PPDI Dianol (22+33)+ | 1/3.9/2 30 284
- o ™ (1/1) o ; -
3108 | capa 225 PPDI ™P 1/3.9/2 30 298
B130 Capa 225 | PPDI | WP 2/5.2/2 | 3 | 290
B131 | capa 240+ |  PPDI ™ | 1392 0 265
Capa 305 . | _ : - |
B155 Capa 231 CHDI | capa 305 1/3.9/2 30 228

LSl
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 PU type:  Capa 225/CHDI/1,4-BD
Molar ratio: 1/2/1

w9




Endotherm «—— AQ— Exotherm

% excess

Sample

- Capa 18,6 - 0.2%
B74 5%
B76 _ 15%
B78 ‘ 25% -
B79 30%

B81 : 40%

Capa 18,6

20 40
. |-

50 80 100 . 120 _ 140 160

TC —

180

200

220

240

260

280 300 320

FIGURE 3.84:

DSC scans of cross11nked PU elastomer in the case of us1ng excess CHDI (arrow shows the position

of transitions}.

~ PU type: Capa 225/CHDI/1,4-BD+1, 4~ CHDM
Molar ratio: 1:3: 2

G911



Endotherm «— AQ—Exotherm .

Sample

% excess CHDI

B84
B86
B87

5
25
30

K|

20

40 60 80 100 120 140, 160 180 200 220 240 260 280 300 320
: . TC —s> : N

B87

FIGURE 3.35: PSC scans of 1,4-BD based PU elastomer with block ratio 1/3/2. (Arrows show the position of transitions)
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DSC scans of Polacure based po1yurethane elastomers 1n the case of us1ng different amounts of CHDI.
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FIGURE 3.37E DSC scans of mixed chain extender (1,4-BD+1,4¥CHDM)_based_PU'e1asfomer as a means of
observing soft and hard segment transitions. (Arrow shows the position of transitions)
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 FIGURE 3.38: DSC scans of PPDI based PU elastomers.. {Arrows show the position of transitions)
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FIGURE 3.40: DSC scans of PU elastomer of soft polymer series (arrows show the position of transitions)
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'3.2.3 Infrared Spectroscopy

3.2.3. 1 Introductioh

The molecular structure of polyurethane elastomers was 1nvest1gated
by 1nfrared (IR) spectroscop1c analysis. Spectra were examined for
characteristic group absorption bands due to component groups pre-
sent in the poTyurethane bond1ng

In polar polymers like polyurethanes, hydrogen bonding which some-
times dominates the crysta111ne structure, influences physical prop- .
erties of the amorphous state through relatively strong interchain
“interactions or'throuththe_fgrﬁation1of;paratrystaj1ineL_ As men=
tioned earlier, the extent and possible forms of hydrogen bonding

is dependent on many factors 1nc]ud1ng the electron donating ab111ty
and relative proport1on and spat1a1 arrangement of the proton accep-
‘tor groups in the polymer chains. In a typic l‘hydrogen bonded poly-
urethane the NH group of urethane units (- NH-g-O -) serves as a proton
donor and the proton acceptors can be carbonyl groups (C=0) from the
urethane unit and/or polyester chain.

.Analysis of IR spectra to estimate the degreelof 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 hydrogenlbonding is based on the resolution of urethane NH
and carbonyl bond into the bonded and non-bonded components. In a
po]yether_urethahe the determination of phase separation or phase
mixing through hydrogen bonding is simple, as the only proton accep-
tors are the C=0 group of the urethane hard'segment and the ether
oxygen of'the'pblyether soft segment which give absorbances at diff- -
erent wavelengths. Polyester urethane on the other hand, due to
containing, two different carbonyl groups (one each be1dnging to hard

- and soft segment units respectiﬁe]y) 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.

4
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3.2.3.2 Infrared Technique

Infrared spectra are normally observed using a double beam infra-

red spectrophotometer. This consists basicélly of a source of infra-
red radiation. and a dispersion system to give a spectrum'of var{ed
wavelength radiation. Prisms of inorganic salts and diffraction .
gratings are commonIy 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 coup]éd to the disper-
sion and detection systems. Spectra show peaks corresponding to
absorption, plotted against wavelength (or frequency). | )

Absorptionlof‘infrared_radiation by the sample can be‘br0ught about
using two techniques:

1.  Transmission of radiation in which infrared radiation is passed
direct]y through the sample.

2. Reflection of radiation in which infrared radiation is reflected
from the sample. - -

In this research programme, the‘infrgred reflection method was adopted
and used for the polyurethane elastomers under investigation.

3.2.3.3 Infrared Reflection Spectroscapy - -

Opaqué 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 technigue known as

'_ Attenuated Total Reflectance (ATR) was conceived by Fahrenfort!®! in
_1961._ This enables reflection spectra of satisfactory quality to

be produced. The infrared ATR unit consists essentially of a flat
crystal (usuale g%]]ium iodide or mixed €51]ium jodide and bromide),
arranged in the sample beam of the spectrbphotometer 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_tota11y internally reflected infra-

‘red radiation. (overleaf).

3.2.3.4 'Experimental Procedure

.In the present.investigation the spectra of the prepared po1y0rethane
elastomer were recorded using a Backman TR-9 ATR unit (giving nine - |
internal reflections), installed in a Pye- -Unicam SP3-200 grating infra-
red spectrophotometer. Samp1es 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 60°C 1mmédiate1y before

: 1nvest1gat1on, to remove any surface moisture which would give rise

"to characteristic ' OH absorption bands. With the samp]es clamped f1rm1y

against the crystal surfaces, spectra were recorded between 4000 c_m"1
and 600 ¢ ] (2.5 um to 16.5 ym) using a normal scanning mode.
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Trécking :
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- FIGURE 3.41: (a) The optical path in a simple ATR unit;
. _(b).Tota]]y 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=0 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 wath the
- NH- groups of the hard segment urethane groups

-1 -1

~ The major absorption bands which appear between 1600 cm -~ and 4000 cm’
are particu]ar]y useful in determining percent hydrogen bond1ng and hence
~the interurethane and urethane-soft segment linkages.From the IR spectra,.
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by usihg the 'baseline density* method]52 the absorbances at the
absorption maxima were calculated according to Beer-Lambert's Taw
- of absorption which states:

A= Iog]0 (-Tq = E.C.L.

where A = absorbance

I = intensity of incident radiation

I = intensity of transmitted radiation
E = extinction coefficient

C = concentration of the NH groups

L = radiation path length (cm)

Thé absorbance Ab of the hydfogen bonded absorption maximum is given
by: _ _

'A .

p = E

b.Cb.Lb

Similarly, for the free NH absorption maximum

AF = EF.CF.LF‘

As an approximation, assuming Eb =Egy then:

Ab KCb'

and | : AF KC

where K is a constant.
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Values of A, and Ac were calculated from the IR spectra using the
'baseline density' method as shown in Figure 3.47,

From Figure 3.47 Ab = B¢

The proportion of bonded NH groups is then given by:

A
Percent hydrogen bonded NH = x—2 x 100
| o b * P

The values oﬁzhydrogeh 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 Figurés 3.43 to 3.45 which are réspective]y the representatives of
a typical 1,4-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/1,4-BD series. Very similar IR spectra are observed for a. -
1/3/2 composition of the Capa 225/CHDI/1,4-BD+1,4-CHDM series. A
polyurethane elastomers gave spectra showing the absence of an iso-
cyanate (NCO) absorption band at 2240 cm_], 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 ' is caused by the hydrogen
bonded NH group while the non- hydrogen bonded NH group appears near
3440 cm -1 as a shoulder of the bonded NH group.

‘The carbonyl region shows splitting of the absorption band into two
peaks at 1740 cm”! and 1670 cm™' in 1,4-BD and 1,4-BD+1,4-CHDM
extended PU elastomer, which is attnlq§&eg to tggﬁtge ;gnd bonqtﬁ
.C=0 groups respectively. The urethane NH S*hdﬁngleppears at 1530 cm-
in both series and the presence of a distinct absorption band at
1412 cm-] suggests the presence of an 1socyanurate structure in the
polyurethane elastomers{The 1socyanuFEt§'C Oyéﬁgﬁrbt”bn band“"T?E“
EggaﬁzﬁiaQné?..madmls%&%f
. The spectra of diol based PU shows the absence of a distinct band at -
1640 cm'l, assigned to the urea C=0 stretching mode. This is reasonable,
as only urethane groups would be anticipated in the diol extended po]y-
mers. The urea C=0 stretching mode at 1640 c¢m -1 can be seen present in
Polacure chain extended polyurethanes.:

-1

ticyg]ta.li

IR spectra of Capa 225/PPDI/TMP based polyurethane showstenzene r1ng
stretching at 1600 cm -1 and 1500 cm” (F1gure 3.45) due to the struc-
ture of PPDI while these stretching vibrations are absent in CHDI based
PU elastomers. The TMP based polyurethane also shows a broad C=0
absorption band at 1720 cm-].  Alsimilar C=0 absorption band is obser- .
ved for the CHDI 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 po}yurethanes'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 1little effect on hydrogen
bonding (about 4-8%). The lower values of hydrogen bonding in the
TMP extended po1ymer can be explained by considering the reduction

in intermolecular attractive forces that result from a special sepa-.

ration of chains due to increased cross]ihking.

Transmittance %

4000 - : 1
Frequency (cm ')

FIGURE 3.47: Showing Baseline Density Method in a Typical NH
Absorption Band of PU Elastomer

3000
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TABLE 3.33: Major Infrared Band Assignment for Prepared PU

- Elastomers
| Frfﬁn‘fef Assignment Intensity
3440 | Free N-H stretching Sh, W
3300 | Bonded N-H stretching | S
2925 CH, assymmetry stretching- s
2850 CH, symmetry stretchiné o s
1720 ree C=0 stretch1n VVS
703"3‘“8‘93 Léocva’flhi"at‘e*"c“‘ qia‘trarmg 1 shys
. Bonded C=0 stretching - _ AN
1525 Urea C=0 stretching '. S
1600 C=C stretching in aromatic group m
1530 N-H bending and C-N stretching Vs
100 | c=c stretﬁh{ngz{nHafomatiE7groupA 1 m
1450 CH, bending - . m
1412 HQ Isocyanﬁrate group ‘ ' m
1150 C—OFC'stretching . S
1060-1090 - | C-0-C stretching : s
" : o ‘ :
770 C-0- out of plane bending : m
730 . C-H bend1ng of four adJacent' | m
' H-atoms ‘
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Extent of Hydrogen Bonding in Po]yurethane Elastomers

~ Chain Extended with BD

Hard Segment

22.23

Samples % Excess Hydrogen Bonded |Hydrogen Bonded
{a) CHDI Weight N-H Groups =0 Groups
Fraction (b) ‘ _
(%) (%) (%)

Capa 17.1 2 17.66 59, L ZBQL?
B59 5 17.99 587 32
B60 10 18.55 56 304"

- B61 15 19.10 56, 347
B62 20 19.63 55. % 30. %
B56 25 20.17 54 ° 43 %
B63 30 20,69 52 7 ¢ a-se
B64 35 21.21 - 51" 437
B65 40 21.72 59 35
B66 45 57. 291

(a) AN the samples are based on Capa 225/CHDI/1 4-BD

(b) Calculated as weight percentage of CHDI and 1 »4-BD per total
- polymer weight
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TABLE 3.35: Extent of Hydrogen Bonding in PU Elastomers Chain
Extended with BD and CHDM )

Samples | % Excess | Hard Segmeht Hydrogen Bonded Hydrogen Bonded
(a) CHDI Weight N~H Groups C=0 Groups
- Fraction {b)
(%) - (%) (%)
Capa 18.6 | 0.2 26.81 56 . | sl
'B74 5 4T 52° .. 48 . °
875 0 28.12 55/ .- 48
B | 15 . 2876 | 51 oL e
B77 20  29.38 51, 47, "
B8 | 25 30.00 53 48
B79 30 30.61 51 - 48,
B8O 35 3120 s a7,
B81 | 40 31.79 517 | a1

(a). A1l the samples are based on Capa 225/CHDI/1'4-BD+1'4-CHDM

(b) Calculated as weight percentage of CHDI and cha1n extender per
‘total polymer we1ght _
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Extent of Hydrogen Bonding in Polacure Chain Extended

Based PU Elastomer

-~ . [ Hard Segment|Hydrogen Bonded
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 5137

(a) Ca]culated as weight percentage of CHDI and Polacure per tota] polymer

we1ght

“TABLE 3.37:

‘Extent of Hydrogen_Bonding'in PPDI Based Poiyurethane

Elastomers
Sample . 1% Excess Hard Segment [Hydrogen BondEd
No Chain Extender PPDI Weight NH Groups
(a) : Fraction (b} (%)
8103 | Dianol (22+33) 30 39.09 60
BI06 | Dianol (22+433)+TMP(141) | 30 34.28 61,
B108 | TMP 30 28.64 4777

{a) Saanes'are'based on'Capa 225/PPDI/chaiﬁ extender

()

Calculated as weight percentage of PPDI and chain extneder per tota1
po]ymer weight .
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3.2.4 X-ray Diffraction
3.2.4,1 Introduction

The‘presence of ordered arrangements of atoms or moiecu]es 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 Jjumping 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 (n1cke1),
radiation of a weli-defined specific wavelength (A = 1.542 A)q§"35?3?ﬁ“ai "The
~ 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

' Figdre 3.49..

Collimator

Specimen )
X-ray

Y

e nnn
beam ™ ™

< : R X-ray film
~~50 mm .

FIGURE 3.49: Essential Features of the X-ray D1ffract1on Instrument
' (WAXS) _

As the wavelength of X-rays are comparable to interatomic distances in
crystals, diffraction effects will occur when X-réys are exposed to a
solid substance containing régular]y arrayed atoms. Constructive inter-
ference of X-rays reflected from paral]e] atom1c layers, are governed
by Bragg's laws
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= 2d Sine )

' where A is the wavelength of the radiation, d is the distance between
“the parallel planes in the crysta111tes, o 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 & can readily be determined. Using equation (A) and inserting
the value of A for the radiation used and also the appropr1ate 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
crysta111ne materials and become 1ncreas1ngly diffuse when the amor-
phous content is high.

._3.2.4.2 Experimental Procedure “

Wide-angle X-ray diffraction patterns of prepared polyurethahe elas-
tomers were obtained using nickel-filtered CuK 'radiation generated

by a Jeol Model DX-GO-S X-ray generator at 37. 5K1Iovoltsand 36" milli-
amperes. Photographs were cbtained using a flat plate camera for the
recording of the entxre,d1ffract1on pattern with an exposure time of
3 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 elastomers were also
takén. Elastomer samples in the form of Jong Strips 7 mm wide and

2 mm thick were stretched to the.deéired elongation (300 %) and clamped
onto a pershex mounting bracket. The bracket is so designed that the
stretched sample passes across a hole in ithe perspex, through which the
X-ray beam is arranged to pass.
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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 Resu]ts and D1scu551on

WAXS photographs' illustrating the different scattering patterns
observed “are shown in Figures 3.50 to 3.53." As the figures show,
there is no distintt 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. Increésing
the concentration of the hard segments and consequently their length,
enhances the structural arrangements of the hard segments and promotes
some m1crocrysta111n1ty of the domains. The effect of increasing the
concentration of the hard segment is shown in the WAXS pattern of

" 1,4-BD based -(samples numbered B59+A'6) and 1,4-BD+1,4-CHDM based
~ (samples numbered Capa 18/6+B79) PU elastomers where some weak diff-
raction is observed in polyurethanes with higher hard segment content
(§amp1es 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 d1ffract10n pattern,- suggest1ng that some
' short-range order1ng 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 1,4-BD+1,4-CHDM based PU elastomers
(Figure 3.52). The presence of only a diffuse halo indicates the
absence of'crystal]inity in these materials. .TheSe'réSUIts'afe in
agreemenf 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 polyuréthane samples, the possi~
~ bility of some small degree of crystallinity certainly cannot be ruled.
 out. ‘These results are also supported by those of Abouzahr et al153
-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 1llustrates the effect of elongation on the WAXS pattern
of sample B79 at approximately 300% extension; the resulting diagram
is oonsidored to represent para-crystallisation of the polyester soft
segment. |

3.2.5 Scanning Electron Microscopy (SEM)

3.2.5.1 Introduction

Scannlng electron mlcroscopy 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 focus:ng a t1ny spot of electron from ‘the source on
the spec1men

3. A means of scanning the spot across the spec1men
A means of detecting the response from the spec1men

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

d1sp]ay system.
The obvious advantages of the scannindrelectron microscope are:

a) 1arge depth of focus;

" b) the possibility of direct observation of the externa] form of
- - real objects at high magn1f1cat1on'
c) the ability to switch over a wide range of magn1f1cat1on,
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 Scann1ng
- - E]ectron M1croscope

3.2.5.2. Expefiﬁenta] Procedure

SEM specimen preparation is often extremely simple. In many applica-
tions, the specimen nerely has to be attached to a stub using a quick
setting adhesive and a conductlve path provided from the specimen to
the stub using conduct1ng pa1nt to bridge the thin adhesive layer.

The stub fits simply into the specimen stage which is norma]ly provided
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with controls for translation, tilt and rotation. If the spécimen is
non-conductive a conductive coating must be applied to the. surface,
usually by evaporating or sputtering a metal (often gold or gold-
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. .

A1l 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 Stereoscan model 2A.

3.2.5.3 Results and Discussion
59,60,61

if was recorded in the literature that the presence of a crys-

. tallizable segment in a segmented pquuréthane_e]astomer system can lead -

to the development of large scale structures which can be termed SUpeF-
structures. The superstructure entities (spherulites) contain preferen-
tially oriented domains, which are formed by aggregation of hard seg-
ment units.

SEM'micrpgraphs-of prepared PU elastomers which are shown in Figures
3.55 and 3.56 are based on Capa 225/CHDI/1,4-BD+1,4-CHDM and Capa 225/
CHDI/1,4-BD respectively. The micrographs in Figure 3.55 show that as
- the series proceeds from é#c, the degree'of'discfete spherulitic struc-
ture becomes more'pronounced. In fact, for samp]e(a)With 0.2% excess

- CHDI no well defined spheru]itic 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-.
tiona]]ylhigher in the case of usfng 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 elastomers that

have higher percentages. of excess CHDI (30%) in comparison with -
those PU samples with lower percentages of excess CHDI (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 domgin structure because
of the higher hydrogen bonding ability. resulting in segregation of
the hard segments. The thermal stability and mechanical properties
of such polyurethane elastomers are observed to be improved by this
domain structure formation.

SEM studies of Capa 225/CHDI/1,4-BD based PU elastomers (Figure 3.56)
show similar results to those shown in Figure 3.56 for the 1,4-BD+
1,4-CHDM based PU elastomer system. '
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(c)

FIGURE 3:50: Wide angle X-ray diffraction patterns of Capa 225/CHDI/.
1,4-BD series with different percentages of excess CHDI:
a; 5%
b) 30%;
c) 50%.

(Unstained samples)



FIGURE 3.51:
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(b)

(c)

Wide angle X-ray diffraction patterns of Capa 225/CHDI/
1,4-BD+1,4-CHDM series with different percentage of
excess CHDI;

(a) 0.2%; (b) 5%; (c) 30%. (Unstained samples)
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" FIGURE 3.52: Wide angle X-ray diffraction patterns of Capa 225/CHDI/
: Polacure series with different percentage of excess CHDI:
(a) 0.2%; (b) 30%. (Unstained samples) S

L
>

L
bty

FIGURE 3.53: Wide angle X-ray diffraction pattern of Capa 225/CHDI/
1,4-BD+1,4-CHDM series with 30% excess CHDI at 300%
extension (arrow shows the direction of extension)
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FIGURE 3.55: SEM micrographs (2000X magnification) showing the surfgce
morphologies of Capa 225/CHDI/1,4-BD+1,4-CHDM based PU
elastomer having different percentage of excess CHDI:

(a) 0.2%; (b) 5%; (c) 30%.
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FIGURE 3.56: SEM micrographs {2000X magnification) showing the surface
morphologies of Capa 225/CHDI/1,4-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 by Swelling

- 3.2.6.1 Introduction

.As mentioned in Chapter,l, the crosslinking of polymer chains is
of pfimary 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'diisocyanate'or a branched -
polyol having functionality greater than two. |

. Basic Principles: .

Swelling measurements are often used to measure the crosslink
density of e1astomers. 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
~1is the degree of swelling. Percentage swelling by volume of the

- polymer samples can be determined by using the following for'mula]s4

_ Specific Gravity of
Gain in weight % Specimen
Specific gravity of Original weight of
solvent ~ specimen

x 100

% swelling by volume~=

The number average mo1ecu1ar weight between cross11nks, M , Can be
calculated from the F]ony Rehner155 equation:
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| . |
Ll (V) + v, X0, 2 =V T v By gy (8)

where Vr is the volume fraction of polymer in the swollen gel at
equilibrium ' '

- x 1is the polymer-solvent interaction parameter

Vs is the molar volume of solvent

Mc is the number average molecular weight between crosslinks

o is the density of pblymer.

The volume fraction of polymer (Vr) can be calculated from the equa-
tion: | '

m1 dS

V. = —
roomy (do=d ) + myd

(C)

r

whér‘e'”mI is the weight of .the polymer before swelling
m, is the weight of the polymer after swelling
d_ is the density.of solvent

s
dr is. the density of polymer.

The polymer-solvent iﬁteraction,parameter (x) was determined from
the Bristow and I»Ja*tson]56 semi-empirical equation:

x =B+ (U/RT(s6)2 (D)
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where By is the lattice constant, usually about 0,34
' V_ is the molar volume of solvent
is the universal gas constant
‘is the absolute temperature
~ 1s the solubility parameter and the subscripts s and p
refer to the swelling agent and polymer, respectively.

o — =0

The solubility parameters of polyurethane and the solvent (to1uene)
are 10.0 (ca]/cc) and 8.9 (ca]/cc) respectively, according to the
data taken from polymer handbooks]57

. The melar'vblume'bf solvent is determined from the equation:

_M
Vs - d

~where: M.is the molecular weight. of solvent
d is the density of solvent.

The cross1ink'density, defined as 2%— can therefore be calculated.
(I '

3.2.6.2 Exper1menta1 Procedure

Swelling exper1ments were conducted on small rectangu]ar (approx1mate1y
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 beriod\the;samp]e 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 V and V obtained, using equation (B)}. Crosslink
_dens1ty was expressed as moles of crosslink per gram of insoluble
network.



204

- 3.2.6.3 Results and Discussion

As the pdlymer-so]vent‘interaction parameter y was'necessany to
calculate the crosslink density from the swelling data, 1t was deter-
“mined (x = 0.56) from the equation (D).

" The results of swé]liﬁg'teSts‘for five series of prepared polyurethane

- elastomers are given in Tables 3.38 to 3.42 and Figure 3.57. The

_ resu1ts 1nd1cate that:

].

- The crosslink density values of the'po1yurethanes significantly
‘increased with increasing amounts of excess diisocyanate in the

original gel.

- The swelling Eapacify (or abi]ity of the network to imbibe

solvent) decreases with increasing the degree of crosslinking.

‘Swollen volume of polyurethanes based on 1/2/% block ratio was

greatek'than the swollen volume of urethanes based on 1/3/2;
this means samples with lower block ratio have lower crosslink
density.

Swollen volume of the Polacure based urethane was greater than
the swollen volume of the 1,4-BD+1,4-CHDM based urethanes (as
is clear from Tables 3.39 and 3.40).

Cruss]ink density of po1yurethanes‘cured by Polécure éxhib{ted
higher values than the polyurethanes cured with the 1 4- BD+

o 4 CHDM cha1n extension agent (see Figure 3.57).

‘Polyurethanes extended by the Dian01 (22+33) chain extension

agent showed a Tower crosslink density than those extended by

Dianol (22+33)+TMP (1/1) or TMP alone. These results illustra-

ted that more crosslinks were formed during the chain extens1on-
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: Crosslink Density and Swollen Volume of Polyufethane
Elastomer Based on Capa 225/CHDI/1,4-BD :

(Block ratio 1/2/1).

Sample % Excess v % Volume Crosslink Density
No CADI r Swollen (mole/g)

Capa 17,1} 2 0.4862 235 72.7 x 1072
B59 5 0.4939 232 ., 77.44 x 1075
B60 10 0.5049 228, . 84.76 x 107°
B61 15 0.5200 | ‘222 95.58.x 1075
B62 20 0.5295 219 103.04 x 107
B56 25 0.5512 21 121.93 x 107
B63 30 0.5601 209 - 130.34 x 107°
B64 35 0.5690 206/ 139.15 x 1072
B65 - 40 0.5860 201¢, . _'157.72'x 1075
866 45 0.5882 201 "« 160.24 x 107
A6 50 0.5929 1990 165.85 x 10°°
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TABLE 3.39: Crosslink Density and .Swollen Volume of Polyurethane
- Elastomer Based on Capa 225/CHDI/1,4-BD + 1,4-CHDM
(Block ratio 1/3/2)

Sample |% Excess y % VYolume |Crosslink Density
No 'CHDI r Swollen (mole/g)
Capa 18,6 0.2 | 0.5751 | 208% 146.47 x 107°
B74 5 0.5895 2000 - | 167.14.x 107>
B7s | 10 | o0.5966 | 198 170.49 x 1075
876 . | 15 0.6024 | 1970 | 177.72 x 1078
B77 20 0.6066 | 19600 | 182,46 x 107
878 25 0.6159 194,00 | 19497 x 107
B79 . 30 0.6251 | 191 % 208.15 x 107
B0 - | 35 . | o3 | s | 228.16 x 107
B81 s | ows | s | 230.71 x 107




TABLE 3.40:

Crosslink Density and Swollen Volume of Polyurethane
Elastomer Based on Capa 225/CHDI/Po1acure
(Block Ratio 1/3/2)

Sample Excess v % Volume | Crosslink Density
No CHDI r Swollen {mole/g)

B142 0.2 0.6067 2000 177.61 x 107
B143 5 0.6362 192 1 227.12 x 1077 -
B144 10 0.6502 189. " 241.78 x 107>
B145 15 0.6623 186, + 262.23 x 107
B146 20 0.6642 185 266.32 x 107>
B147 25 0.6879 180, 314.59 x 107°
'B148 30 0.6962 179, 332.10 x 107°

TABLE 3.41:

Crosslink Density and Swollen Volume of Po]yurethane
Elastomer Based on Capa 225/PPDI/1,4-BD '

(B]ock Ratio 1/2/1 )

?Sample ; Excess v % Volume .| Crosslink Density
No CHDI - r . Swollen .(mole/g)
B119 0.2 0.5637 2107 " 131,79 x 107
B120 5 0.5639 209! 132.32 x 107
B121 10 0.5676 208, 136.05 x 107°
B122 .| 15 0.5773 205 146.08 x 107
B123 20. 0.5789 2047 | 147.30 x 107
B124 25 0.5882 203/} 157.79 x 107




TABLE 3.42:  Crosslink Density and Swollen

(Block Ratios 1/3/2)

Volume of Soft Polyurethane Elastomer

Crosslink Density

Sample Polyol Diisocyanate Chain Vr % Volume-
No = | ‘Extender ™ _ Swollen (mole/q)
B103 ' Capa 225 PPDI Dianol (22+433) | 0.4851 20 | 69.27 x 107
© B106 Capa 225 PPDI Dianol (22+433) | 0.5409 219 108.94 x 107
o + THP ' AR
B108 Capa 225 PPDI | TP 0.7227 2087 400.64 x 107>
B131 Capa 240+ PPDI | TP 0.4806 240 678.80 x 10°°
Capa 305 : - L R
(3/1)
8133 Capa 225 cHDI | THP 0.5663 .| . 207( 135.86 x 107°
B155 Capa 231 ~ CHDI Capa 305 0.4014 278" 33.55 x 1077

802
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FIGURE 3.57: Crosslink density vs % excess CHDI for the
polyurethane elastomer based on Capa 225/
- CHDI/chain extender: (o) Polacure;
" (o) 1,4-BD+1,4-CHDM; (=) 1,4-BD -
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CHAPTER 4
GENERAL PHYSICAL AND MECHANICAL PROPERTIES

. The present chapter deals with the measurement of phySica1 and mecha-
nical properties of the prepared polyurethane elastomers. These include
the tensile propekties, 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‘wére 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 Toad of 500 Newtons was emp]oyed 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 (239C) and 60% re]étive'humidity prior to testing. The
following tensile parameters were ca]cu]atéd and the resuits cited in
appropriate tables: '

i} Ultimate tensile strength

Ultimate tensile strength is ca1cu1ated from the recorded load at
break using the following formula:

Force at break
Initial cross-section area. (MPa)

Ultimate tensile strength =

* ] J Lloyd Instruments Ltd, Warsash, Southampton, England
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i1) Modulus at 100% and 300% strain

Modulus at a given tensile strain is a tensile stress at a g1ven
strain and obtained as follows:

' y . _Force at a given strain |
Modulus (at 100% or 300%)._ Initial cross-section area - (WPa)

i11) Elongation at break (%)

It was calcu]ated by subtract1ng the initial d1stance between the
reference lines on the dumbell test p1ece from the distance between .
~ the Tines 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

The 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'chaib_extgnded

- 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 CHDI. 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/1,4-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 environmenta] chamber to enclose the grips of a JJ Lloyd
tensile testing machine. The tensile properties at room temperature and
| up to 210°C of the two series of polyurethane_elastomers based on

Capa 225/CHDI/1,4-BD and Capa 225/CHDI/1,4-BD+1,4-CHDM 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
values of 8-9% Shore A as the amount of molar excess of isocyanate
available for crosslinking increases from 0 to 50%. In the 1,4-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 1,4-BD+1,4-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 diisocyahate. - Elongation at break values remain ¢on$isteht1y'
‘high for both systéms and are nearly always in the range 500-800%.

The e]aétomers produced, though stiff in nature, were highly elastié
materials possessing ready flexibility and good elastic recovery 7
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
23%C to 210°C, foliow a consistent pattern and decrease uniformly.
It is specially observed that these polyurethanes show no sharp

~melting points accompanied by rapid Toss in dimensional stability.

. This is a characteristic USual1y only shown by the traditional co-

valent cross]inked rubbers such as NR, CR and the Tike 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 1,4—BD'eXtended
pblyurethanes‘and‘at 30% with the mixed 1;4—BD+1,4-CHDM extended poly-
mers. With both systems elongation at break values remain at consis-
tently high levels throughout the temperature range 23-210°C, 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 2409C (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 1,4-BD system at 240°C and 5-9 MPa
for the 1,4- BD+1,4 CHDM-systems at 2100C represent the 1ower strength
Tlimits of a useful eng1neer1ng elastomer.

ASystematic 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 physica1 properties to reach
max1mum values at specific va1ues of the initial excess of d1lsocyanate

| ‘wh1ch is usua]]y in the 30-40% range. - ' -

NRwﬁ Natural_?uyberﬂ'}f]

s sug iyt

NP o
“"w.{* & ;i-f{*r"

CP& 2 ChioroprenesRubbers



214

Tensile properties of polyurethane elastomers based on Capa 225/CHDI
and extended with different diols and diamine are given in Table 4.6
~_to compare the effect of diols and diamine on ‘tensile properties.
As-the-table-shows-in-the case-of-Polacure-based-PU.-elastomer, the
hardness and modulus are higher and the elongation at break is lower.
This jé believed to be due to the formation of urea linkages in the
pelymer backbone which is affected on crosslinkihg 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
uTtimate tensile strength and elongation at break decrease by using

TMP as a mixed chain extender with Dianol (22+33) or alone (see
Figure-4.4). This is perhaps‘due to more.crosslinking and poor mole-
cular ordering in these systems. Moreover, the low Tevel 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 po]yurethane elastomers was determ1ned using a
Durometer hardness tester (Shore A and Shore D) accord1ng to ASTM
D- 2240

'_'4 2.1 Results and Discussion §

Values of hardness (Shore A and Shore D) of all prepared po]yurethanes

~ are given-in Tables 2.3 and 2.4, The hardness values of some polyure- .
“thane elastomers are also given in Tables 4.1 to'4.7. Symmetkita],

bulky diisocyanate and chain extenders give rise to materials of higher

" hardness while asymmetrical.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
excessfdiisocyanate gives a marked increase in hardness.



TABLE 4.1: Tensile Propert1es of Polyurethane Elastomers Based on Capa 225/CHDI/cha1n extender (see table)
with 1/2/1 molar ratio ‘

512

- Sample % Excess Chain Extenders UTS | B M M. _ Hardness
No CHDI - Used | | 100 300 . 0
'B57 0 1,5-naphthalene diol  |13.44 | 545 5.09 | 9.64 72 22

B58 0 | Quinol 16.34 | 500 7.89 |[12.83 85 31
B93 30 Quinol |22 | 40 10.49 |[17.42 90 { 38
B67 0 Catechol o 17.62 | 440 6.92 ]13.36 82 | 25
B68 0 2,3-naphthalene diol 11.81 | 485 5.33 | 8.58 78 27
B69 0 2,4~ d1hydroxybenzo- 25,73 685 6.63 12,66 81 | { 28
SR phenone _ '

- -0 | P,P'-bipheno - |69 570 0 | 6.7 {n.2 85 [ | 29
B92 30 P,P'=bipheno] 22.13 {450 | 9,91 [15.95 | 92 1 39
B94 - 30 | Di(4-hydroxy)sulphone |28.83 |440  |10.4 19.23 | 89 37
B95 | 30 Bisphenol A A 2417 |515 | 7.3 |14.66 | s/ ] 29

Key:  UTS = Ultimate Tensile Strength in MPa

Modulus at 100% strain in MPa
Modulus at 300% strain in MPa
A @nd D = Hardness in Shore

EB = Elongation at Break, %

-
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TABLE 4.2: Tensile Properties of Polyurethane Elastomers Based on
Capa 225/CHDI/1,4-BD with 1/3/2 molar ratio
Hardness
Sample | % Excess
N | cior | US| BB Mg | Mo
_ | Al D
Bl 0 | 25.36 | 480 9.92 | 16.5 | 90 | 38
584 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 | 25.4] % 49
B87. 30 52.73 | 630 14.38 | 27.39] 9 - 49

Key: AS in Tab]e.4.1

TABLE 4.3: Tensile Properties of_Poiyurethane Elastomers Based
- Capa 225/PPDI/1,4-BD with 1/2/1 molar ratio

on

I Hardness
o P heor | Vs | BB Mg My T
B118 0 |26.93 | 550 11.23 {16.29| 88 30
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
8122 15 50.68 | 640 10.39 |18.04| 89 a1
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 Po]yurethane Elastomers Based on Capa 225/CHDI/1 4-BD with 1/2/1 molar ratio at roeom
and elevated temperature -

i

Test Temperature

SampTe % _
No Excess | - 23% 120°C 150%¢
uts = | EB Moo | Mo | UTS | EB Moo | M300 uts | EB Moo | 00
CA27 o |17.02 ] 630 6.73 [10.69 4,10 | 30 - - - - - | -
Capa 17,1 2 {43.80 | 820 7.33 |12.35 7.35. | 385 | 5.08 | 6.8 | 4.87 | 325 |3.82 | 4.7
B59 5 [44.27 | 790 9.5 |16.12 |11.5 |[580 (5.8 |8.06 | 6.23 | 460 |3.64 | 4.83
B60 10 |53.36 | 830 9.5 |[16.73 |12.71 |575 [6.81 |9.12 | 8.2 | 395 [6.15 | 7.39
- B61 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 {750 110.61 |18.82 [17.07 |6s0 | 7.07 | 9.81 |10.45 | 525 [5.15 | 7.18
B56 25 |57.48 | 710 {11.42 [20.79 | 19.74* | 660* | 8.40 111.52 |14.32 | 640 | 7.37 | 9.68
B63 30 |60.97 |[715  111.52 |20.79 | 21.66* | 670* | 9.44 12,57 [15.8 | 590 [ 8.72 [10.86
B64 35 160.69 [690 |11.96 |22.17 | 23.23* | e6o* | 9.51 [13.10 |17.88 | 665 | 7.44 [10.4
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 1675 | 12.55 |22.81 20.6 |63 [10.7 [13.57 [13.39 | 505 [ 7.38 | 9.99

* Samp1efdid not brepk (because of limitation of oven's length)

L2



TABLE 4.4 ... continued

SaggIe Excﬁss : — . Test Temperature — Hardness
Aot 1800C | | 2100C | . 2400¢
uTS BB [ Mgy Mg | UTS EB Mgy | Mg | UTS B | Mgo | M0 A D
A27 0 - - - - - - - - - - - - 81 | 27
Capa 17,1 ] 2 {2.54 55 - - - - - | - - - L. - 83 | 34
' BS9 5 13.06 60 - | - |7 30 S R - - - - 85 | 35°
BO | 10 |5.75 {330 |52 |565 332 |2 [ - | - - - - - tes a7
B61 15 15.22 |380 |48 {496 |2.21 30 - -1 - B AR 87 | 38 |
B62 20 |7.03 |434 4,67 [5.75 |3.57 g0 | - - - | - - - 88 | 39
BS6 | 25 [10.38 |s545 [6.81 |8.06 {527 |315 |5.01 - | - - - - el
B63 30 [o0.26 |50 |6.61 |7.99 {5.47 |250 501 | - -] - - - 89 | 41
B64 3 [11.54 |600 [6.14 |7.79 |5.4 290 | 4.84 | - - - - - 90 | 42
B65 40 f11.69 365 |8.08 {10.33}7.13 {330 |59 [6.87 |5.28 |100 | 5.28 - |90 |43
B66 - 45 f13.22 {590 [6.21 |8.27 |6.33 [310 |5.56 [6.27 |a.48 50 | - - 91 | 44
A'6 50 f10.22 |40 |6.93 |8.78 6.5 |[220 |5.7 s b -1 - | - 91 | 44

Q1>

Note: Key as in Tahle 4.1,
! .



TABLE 4.5: Tensile Properties of Po]yurethane E]astomers Based on Capa/CHDI/T, 4- BD+1 J4- CHDM with 1/3/2 molar ratio at room
' and elevated temperature

Sample y c Test Temperature _
o | e 239¢ Tz’ 1500¢
US| BB | Mygp | Mg | UTS EB | Mgy | Magp | UTS B [ Moo | M0
A2 0 25.40 | 688 | 6.20 |11.17 | 5.52 | 380 |3.69 | 4.93 | 2.91 |125 |2.8 -
~ Capa 18,36| 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 '} 790 112,05 |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 |10.20 [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 |s00 |8.70 |11.17
B77 | 20 55.89 | 675 [12.62 |23.34 |25.64% | 670% | 9.06 [12.78 [16.07 | 545 | 7.60 |10.31
© B78 25 57.44 | 650 [12.94 |24.88 |29.18% | 650* [10.23 |[14.60 {21.21 [ 570 | 9.9 |12.76
'B79 30 62.45 | 620  {14.36 |28.29 | 29.67* | 680* |10.46 |14.63 |[20.49 | 500 | 8.65 |11.92
B8O 35 |54.82 | s60 {14.80 |28.84 |28.01 | 540 [17.22 |16.11 [19.96 | 445 [10.35 |13.96
B81 % . |s4.46 | 515 {16.001 |31.40 |{25.72 | 530 [11.30 |16.14 {17.99 |440 |9.50 [13.29
B82 45 |s4.90 | 475 [17.20 |33.74 | - - - | - - - ) - -
B83 | 50 46.78 | 420 [17.42 |[33.48 | - - - - - - - -

612

~* Sample did not bre%k (because of limitation of oven's length)



TABLE 4.5 ... continued

Sample 9 ' ‘ ' ‘ Test Temperature
No . Eéﬁﬁﬁs 1505 - 00 Hardness
uTS ~ EB Moo M09 urs | EB M0 M0 A B
2 0 2.8 35 - - | - - - - 92 42
Capa 18,6] 0.2 | 5.8 | 90 T - - - - e 42
B74 5. | 702 | ns 7020 | - | 5.69 | 40 - - 92 a4
B75 10 777 |35 | 5.99 7.0 5.67 - | 110 5.67 - e 45
876 15 9.72 400 | 7.23 8.52 | 5.39 | 75 - e 2 45
B77 20 | 8.58 375 6.04 7.61 5.54 | 140 | 5.29 - 93 | 46
B78 25 14,39 470 9.41 1n.01 | 8.71 | 330 7.88 8.47 94 47
879 30 13.12 490 7.41 9.58 | 7.34 295 6.58 - 94 48
B8O 35 12.97 325 9.97 | 12.30 | 9.2 275 8.73 - - 94 51
B8 40 | 12.81 | 395 | 872 |10.93 | 9.2 310 - | 8.25 | 8.95 - 95 52

022

Note: Key as Table 4.1.

!



TABLE 4
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.6: Tensile Properties of Polyurethane Elastomers Based on
Capa 225/CHDI/chain extender (see Table) with 1/3 9/2

molar ratio

' .. L Hardness
Samg]e Cha1nU§2§enders uTS EB M]OO quo ——
- B87 1,4-BD 52.73 630 14.38 | 27.39 96 49

B79 1,4-80+1,4-CHDM | 62.45 620 14.36 | 28.29 94 48
B97 1,4-CHD 1296 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:

- TABLE 4,

Key as in Table 4.1.

7:  Tensile Properties of the Soft Series of PU Elastomers
- ° % |ec ol o Hardness
=2 = |2 5 i P ik om = o
=] o- b= > R~ T) D w| = = A D
vy o o O Owo .
B103 |Capa 225| PPDI | Dianol(22+33)|31.61}440}3.04{10.86| 62 21
Blo6-| ~ “ | PPDI | Dianol(22+33)(13.22{200|4.87{ - 66 24
1 | +TMP(1/T) 1 o
8108_ " | PPDI | TMP 12.45|120|8.58| - | 75 26
8155 Capa 231 CHDI | Capa 305 19.13]220]7.56) - 72 22
B131 Capa 240 PPDI | TMP 15,56}165[6.45] - . 70 26
<. j+Capa--309-- - - . : !
_131)
Note: Key as in Table 4.1.
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FIGURE 4.1: Re1at1onsh1p between tensile strength at d1fferent temperatures and the excess ‘amount of d1isocyanate

 used for crosslinking CHDI based polyurethane
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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 hm 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 testfng machine at a constaht
crosshead 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.
A2 mm . nick

L o

10 mm

A 4

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 elastomers are given in Tables 4.8 to 4.10. Polyure-
thane elastomers having higher hard segment content are found to

give higher_values'of tear stréngth. ‘This i1s demonstrated by com-
paring sample Capa 18,6 (0.2% excess CHDI) with sample B74 (5% excess

- CHDI} in 1,4-BD+1,4-CHDM based polyurethanes; - and B142 °(0.2% excess

CHDI) with B148 (30% excess CHDI) in the Polacure based polyurethane
series. This is thought to be due to_the.bresence of larger and more
pekfect]y‘deve]oped 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 stfength, 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 polyurethanés was measured according to the BS 903:
Part A: 1969 and the test piece used was a cylindrical disc of 13.0 #
0.5 mm diameter which was compressed at_100°C for 24 hours. Then the
compression set at constant strain (25%) was calculated as follows:

: o . t -t ‘
Compression set at constant strain = EE___EE x 100

o s

where td = original thickness of the test piece
| t, ="thickness of the test piece after recovery -
t =

s 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 po1ydrethanes. It is
generally concluded that higher crosslinked polyurethanes show lower
compression set values, '



TABLE 4.8:
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Tear Strength of Polyurethane Elastomers based on
Capa 225/CHDI/1,4-BD (a) and Capa 225/CHDI+1,4-CHDM (b)
Systems :
Sample |% Excess |Tear Strength|| Sampie % Excess |Tear Strength
-~ No CHDI (kN/m) No CHDI (kN/m)
Capa 17,1 2 127.15 Caha.18,6 - 0.2 133.02
BS9 5 169.92 s | 5 162,15
B60 10‘ 153.43 B75 10 142.57
B61 15 162.13 B76 15 145,70
B62 20 160.65 877 | 20 144,82
B56 '25 126.04 B78 25 | 145.18
B63 . 30 130.34 B79 - 30 146.29
B64. 35 134,99 BBO | 35 147.91
BS5 | 40 | 130.80 B8l | 40 | 14833
66 45 | 129.98} |
a3 | 50 138.62

(a) Samples of Capa 17,1 to A'6
(b} Samples of Capa 18,6 to B8]
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TABLE 4,9: Tear Strength of Polyurethane Elastomers based on
Capa 225/CHDI/Polacure (a) and Capa 225/PPDI/1,4-BD (b)

Systems

Sample - |% Excess|Tear Strength Sample | % Excess Tear Strength
No CHDI (kN/m) No PPDI {kN/m)
B142 0.2 | 93.54 B118 0 97.63
B143 - 5 118.48 Il B119 0.2 | - 134.1
B144 10 148.73 B120 5 1126.54
B145 15 153,65 B121 | 10 . 128.51
B146 | 20 158.14 B122 15 146.37
'B147 25 156.04 B123 20 128.09
B148 30 1160.42 B124 25. 117.43
| | | i s12s | 30 | 101.46

~(a) Samples of B142 to B148
(b) Samples of B118 to B125

TABLE 4.10: Tear Strength of Polyurethane Elastomers (Soft Series)

Sample . . Tear Strength
No Po]yo]l Diisocyanate | Chain Extender (kN/m)
B103 '~ Capa 225 PPDI Dianol {22+33) 69.37
B106 Capa 225 PPDI Dianol (22+33) 37.75
o + TP |
B108 . | Capa 225 PPDI TP 33,02
B131 Capa 240 + PPDI : T™P - 19.8
Capa 305
- | G o o
B155 | Capa 231 . CHDI ' Capa 305. - 31.28
Rubber (NR/SBRY* . 56.02 _.

* For formulation see Appendix 3.
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TABLE 4.11: Compression Set of Polyurethane Elastomers
Sample | R Chain Block |Compression
No Polyol |Diisocyanate Extender Ratio Set -
A5 Capa 225 CHDI Dianol 22 | 1:2:1 59.19
A3 Capa 225 CHDI 1,4-CHOM | 1:2:1 37.28
03 Capa 225 |  CHDI 1,8-B0+ | 1:2:1. | 39.49
- _ Dianol 33
M2 Capa 225 CHDI 1,8-BD+ | 1:3:2 56.54
' ' Dianol 33 :
B Capa 225 | - CHDI 1,4-BD 1:3:2 | 62.21
B79 | Capa 225 CHDI 1,4-8D+ | 1:3.9:2] 35.0
1,4-CHOM
B142 Capa 225 CHDI Polacure 1:3:2 57.5 |
B148 | Capa 225 |  CHDI Polacure | 1:3.9:2| 51.6
B151 | capa 225 | - cHDI Polacure+ | 1:3.9:2| 65.96
Benzoflex
(10%)
B153 | Capa 225 MDI Polacure [ 1:3.9:2| 94.62
B103 | Capa 225 PPDI Dianol 1:3.9:2] 19.0
' - (22433)
B108 | Capa 225 PPDI ™ 1:3.9:2] 8.5
8133 | Capa 225 [  CHDI ™ 1:3.9:2(  8.5°
'BI55 | Capa 231 CHDI Capa 305 |1:3.9:2| 14.36
64.9

Rubber (NR/SBR)*

* For formulation see Appendix 3.
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4.5 TENSION SET

The tension set in polyurethane samples subjected to a constant
e10ngation for a fixed length of time, was measured according to
British Standard 8S 903: Part A5, 1958, at room.temperature.
Specimens used were of the dumbell type 2 and marked with 20 mm
bench marks using a very finé”ink pen. The samples were then exten-
ded at a constant rate of 100 mm/minute to 300% extension on a Jd o
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: | |

%
Tension set (%) = i

original unstrained reference length

where 20

%5

2

strained reference length

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/1,4-BD series and in Table
4.13 by comparing B74 with B81 in Capa 225/CHDI/1,4-BD+1,4-CHDM
based polyurethane elastomer. This effect'is also illustrated by
comparing B118 with B125 in Capa 225/PPDI/1,4-BD based polyurethane
elastomer (see Table 4.14). : | |

The re]atiohship between tension set and excess CHDI.in two different
series of polyurethane elastomers are shown in Figure 4.6. Decreasing
‘tension set in 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 defobma-
tion of hard segment domains or soft segment crystallization. .Poor

domain structure and mixed hard and soft segments are two factors which

would bé: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/1 4-BD with Molar Ratio 1/2/1

_ | . Tens{on Set %
Saxg]e _ % Eﬁg?ss ‘- Relaxation Time (minutes)
10 60
Capa 17,1 | 2 N T O 433
B5G 5 43.3 40.8
B6O N [ R o 38.3
B61 15 383  36.6
B2 | 2 3.6 35.0
BS6 25 | 3.0 33.3
" B63 B 35.0 - 31.6
B84 |35 | o 3l
- B65 0| 35.0 30.8
B66 5 333 30.8
a6 | 80 o 30.8 27.5
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TABLE 4.13: Tension Set of Polyurethane Elastomers Based on Capa 225/
CHDI/1,4-BD + 1,4-CHOM with Molar Ratio 1/3/2

_ ‘ ~ Tension Set %
Saﬁg]e : % Eﬁgﬁss : Relaxation Time (minutes)
: 0w | 60
A2 0 80.0 78.3
Capa 18,6 1 o2 45,0 | 3.3
B74 5 ] 45,0 43,3
B75 10 433 4.6
B76 5 a6 | 40.0
B77 20 1 s.0 38.3
B8 | 2 | - 391 | 366
B79 30 .. 38.3 | 35;8
B8O 35 315 I
B81 | | 6.6 30
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TABLE 4.14: Tension Set of Po1yurethane Elastomers Based on Capa 225/
PPDI/1,4-BD with Molar Ratio 1/2/1

Tension Set %
Sample % Excess Relaxation Time (minutes)
No - PPDI
: 10 60
118 0 58.3 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 Polyurethane Elastomers (Soft_Ser{es)
Tension Set %
Sample™® % Excess Relaxation Time (minutes)
No PPBI - - :
o el 1o - 60
'B103 30 1.6 0.83.
B148 30 36.6 35.0
- BIB3. 30" 28.3 25.0.
8138 30 0.80 0.50

~ *See Table 2.4 for samples formalation.
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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 the ultimate end use poten-
tial since a polymer with a Tow 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 (239C) according to Method 509A 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 = W1—_—IW2— Xp

where w] = weight of specimen in air
Hz = weight of specimen in water |
p = density of the water, usuél1y taken to be 1 kg/m3,

| 4,6.1 Results and Discussion N

Table 4.16 shows thé results of density measurements which are calcu-
Tated in kg/m3. A 511ght-increase~in the density of 1,4-BD and
1,4-BD + 1,4-CHDM based pb]yurethanes is found by increasing amounts

- of ‘excess CHDI into the polymer system. Relationship between densiiy
~and percentage excess CHDI for these two series of polyurethane e1a§:h
tomers is shown in Figure 4.7.



TABLE 4.16: Density Value of Polyurethane Elastomers

Capa 225/CHDI/1,4-BD
based urethanes

Capa 225/CHDI/1,4-BD
" +1,4-CHDM based

Capa 225/PPDI/1,4-BD
hased urethanes

Capa 225/CHDI/Polacure
based urethanes

Soft Polymer Series*

urethanes
Sample Density Sample Density Sample | Density Sample Density - Sample Density
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 | -B142 .| 1171.3 B155 1122.57
B9 | 1126.9 | B74 | 1132,60 | .BI19 1149.26 B143. | 1171,5 | BI133 1136.88
B60 Ne27.2 | 875 1133.93 B120 1146, 30 B144 1172.8 B131 1149,72
B61 1129.2 B76 1134.76 8121 | 1146.49 B145 1176.9 8103 1170.43
B62 1129.4 877 1139.40 B122 1148.02 | B146 1174.3 B106 1167.79
B56 1129.5 878 1140.20 | 'B123 | 1152,12 | B147 nn.s B108 . 1169.40.
B63 1130.8 | B79 . | 1140.76 | B124 | 1152,04 B148 | 1175.5
- B64 132.7 | B8O | 142,10 | B125 | 1152.80 o
B65 | 1134.0 | - BS1 ] 1142.30 | B126 1150,86
B66 1134.4 A B ‘ |
A6 1134.5

o For'fdrmu1ation see Tab1§ 2.4,

6€¢
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4.7 SKID RESISTANCE

The skid resistance of some of the soft po]yurethahe elastomers was
measured with a portable 'Skid-Resistance' Tester* déveloped 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 Sdft PU Elastomers

Composition ~ Condition

Sample s Chain Dry Wet
No Polyol D“$?°¥3"ate‘_ Extender [ % Damping | % Damping

3 ' ‘ . 11 9

B103 Capa 225 PPDI Dianoil

' | (22+33) |

B108 Capa 225 PPDI T™P - 10 8

BI55 | cCapa 231 | . cHOI Capa 305 28 12

. NR/SBR'® 28 n

(a) Compositions are given in Appendix 3.

* Wessex Engineering and Metalcraft 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 norma11y used in
iaboratory 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 Fiex—Cracking and Crack Growth

F1e24cracking'is the formation of cracks on the surface of a rubber
subjected to repeated cycles of deformation. This phenomenon oceurs .
in the side walls 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 flex-
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 tw0'c1amps
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 | Wallace and Co Ltd., Croydon, England,
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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 propagat1on and compounds are compared
' '1n terms of fatigue 11fe at the same strain. '

‘Initial cracks in the test pieee are produced by piercing a 2 mm long
cut at a mid-point perpendiculat to the lTongest 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 f1ex-eracking resistance'of polyurethane e1astomers
_based on the Capa 225/CHDI/1 4-BD + 1,4-CHOM system decreases with
1ncreas1ng percent excess of CHDI. This is thought to be due to the
higher modulus and Tower extension at break ability of the more highly
crosslinked polyurethanes, which have resulted from the use of excess
diisocyanate. A similar trend of decreas1ng fatigue Tife is observed
in the crack propagation test ser1es, so both crack initiation and
crack propagatlon resistance decrease with increasing cross11nk1ng
which occurred due to the use of the excess diisocyanate.

Figure 4.9 shows the relationship between fatigue life and percentage
excess CHDI and also percentage applied strain of these PU elastomers
for both the flex-crack1ng and cut growth tests. It is found through
the F1gure 4.9(c) that the reIatlonshlp between fatigue life and
applied strain is similar to the Wohler curve' . The important ‘feature
of this curve is that on reducing the stress or strain towards a par-
-ticular value, the fatigue Tife increases virtually to infinity giving
“rise to the concept of a 11m1t1ng fatique 11fe and an u1t1mate failure
strength or deformab111ty.
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Internal heat generation of the Capa 225/CHDI/1,4-BD + 1,4-CHDM based
po]yurethané elastomer 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‘1eVels of excess
diisocyanate and also the percentage applied strain on heat generation
of these PU elastomers. 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 209C and

~ this increased to 299C for a 30% excess CHDI containing polymer, Also
“the increase in temperature for the polymer containing 30% excess
CHDI is about 29°C at 100% applied strain and this increases to about
379C 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 approx1mate1y constant or show only a small

- change as- f1ex1ng time continues. -
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FIGURE 4.8: De'Mqttia-Type Machine: o S
' 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 Po1yuréthane Elastomer Based
: on Capa 225/CHDI/1,4-BD + 1,4-CHDM with Molar Ratio of -
1/3/2 at 100% Strain

Kilocycles to Failure

B81

.Sample No % Excess CHDI at 100% Strain
Capa 18,6 0.2 365
 B74 - 5 340
B77 20 - 200
40 30

TABLE 4.19: Crack Propagation Resisténce of Po]yurethane Elastomer
Based on Capa.225/CHDI/1,4-BD + 1,4-CHDM with Molar
-Ratio of 1/3/2 at 0%, 10%, 20% and 25% Strain

Number of Kilocycles to Failure

Sample % Excess
No CHDT 1 0g Strain* [10% Strain |20% Strain|25% Strain
Capa 18,6 0.2 1000 1515 210 1.1
{no failure)](no failure) .
B74 5 " 1515 132 0.88
- {failed) o o
877 20 " 1070 - 0.5
(failed) _
B79 30 Y 72 3.6 0.2
(failed) ‘
B81 40 " - 13.4 1.8 0.05.
(failed)

._* At 0% strain the tést was stopped after 1000 kilocycles
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TABLE 4.20: Heat Generation Observed by Flexing of Polyurethane
' Etastomers Based on Capa 225/CHDI/1,4-BD + 1,4-CHDM
at 100% Strain

'io = 210C
Capa 18,6 B74 B79
Time (0.2% excess CHDT) | (5% excess CHDI) | (30% excess CHDI)
(mins)
t At t At t at
1 | s | s 7 | 6 | 20
2 38 17 38 17 46 25
3 39 18 | 42 21 | a7 | 2
6 | 40 19 43 22 7 | 2
10 0 | 19 | a3 | 2 8 | 27
20 | 40 19 44 23 | 49 | 28
o | a0 | |4 | 3| s | o2
s | a2 44 23 | 50 29
60 a1 .20 44 23 | s | 29
90 41 20 a4 23 50 | 29
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TABLE 4.2)1: Heat Generation Observed by Flexing of Polyurethane
' Elastomers Based on Capa 225/CHDI/1,4-BD + 1,4-CHDM
~ at 150% Strain

t, =21
. (5% exgggs.CHDI) (20% exggg; CHDI) | (30% ex§§§L CHDI)
(M?) t At ]t At Tt ] at
1 40 19 | 45 26 | 48 27
2 44 23 | 48 27 | s 33
3 44,5 23.5 | 48 27 55 | 34
4 s | 2 | a9 28 56 35
10 47 2% | 50 29 57 36
IR B 2 50 T29 ) ss | 37
20 | a7 26 50 20 | s 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 déformation without significant loss in performahce; A
typical example is.to be found .in tyre applications where elastomeric
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 materiai.‘ This

is shown in Figure 4Q127f0r an extension-retraction cycle. On exten-.
sion of the material (AB), the amount of work is equal to the area

- under the loading curve (ABD). On retraction of the material (BC),
the amount of work performed is equa1 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 represénts 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 segmentrstructure‘as'contro]led by the use of excess diisocyanate,
- on hysteresis behaviour of polyurethane elastomers,

4.9.2 Experimental Procedure

Hysteresis measurements of certain prepared polyurethane elastomers
were determined'by subjectihg samples to multip]e-stréss-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 (23°C) by cycling
three times to 300% Of'previ0us1y calculated elongation at break.

- The percentage hysteresis for a given cycle is calculated by the-

- ratlio of the area bounded by the loading-un]oading 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 curve is cut

. out and weighed to 4 decimal places. Then a standard sduare 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:

N g
L")
' whéré Nl = weight of the area bounded by hysteresis curve
S 'wz = weight of standard cut out square
. Ey = hysteresis energy '
- "E2‘= energy related to the standard cut out square.

The hysteresis energies are expressed in joules per volume (md) 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 (1) 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+1,4-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 cyc1es show very little diffe-
- rence in hysteresis loss. Dur1ng the first cycle, a relat1ve1y high
‘~stress_is_required for a given e]ongat1on and almost all the energy
‘expended is retained in the restructured system. Second and third
‘cycles undergo only minor restructuring of hard segménts 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"$h6w 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/1,4-BD polyurethane:series, Also compare B74 (5% excess CHDI)
with B81 (40% excess CHDI} in the CAPA 225/CHDI/1,4-BD+1,4-CHDM poly-
urethane series.

“"This effect can be explained by the presence-of larger domain struc-

tures assotiated'with the Tonger hard segments. DisSociation of these

- domains and their subsequent formation into reorgan1sed arrangements
of hard segments could account for the higher net energy absorpt1on
observed

" Polacure based polyurethane (Table 4.25) shows higher hysteresis loss
compared with the 1,4-BD+1,4-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 based PUs whereas the 1,4-BD+1,4-CHDM
based PU elastomers predominantly have urethane groups and no urea.
groups.



Load
(N)

256

Key:

Hysteresis loss
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A " D Extension

Typical Hysteresis Curve

Cycles 2 and 3

1

Cycle origin

Cycle 1

SR S & i Extension
Typical Example of Hysteresis Curve of a PU Chain

-Extended with 1,4-BD+1,4-CHDM at room temperature;

these are the first three cycles to which the PU was

‘subjected when stretched to 300% of 1ts elongation at

break value
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Hysteresis Properties of Polyurethane Elastomers Based
on Capa 225/CHDI/1,4-BD with the block ratio 1/2/1

Cycle (1) | Cyc]e'(3)
2 (7] | —— — — % — -~ — L
o |2 v T T S v T o1 8
— O 1= E = — E E | = —
(= N > — - A - — e . . - ——
5 ¥ -2 o2 | w2 m‘“lu]" - o= 2 u“’lua"
Capa 17,1 2 | 15.26 |2.81 [12.44 |81.52 |5.33 | 2.81 | 2.51 [47.00
- B59 5 15,17 | 2.95 |12.21 {80.48 {5.55 | 2.91 | 2.59 [46.66
B6O | 10 | 16.38 |2.99 |13.39 {81.74 [5.81 [2.99 | 2.82 |48.53
BS1 | 15 | 17.17 |2.74 |14.43 |84.04 |6.35 | 3.27 | 3.07 }48.34
Bs2 | 20 | 17.18 |3.03 [14.15 [82.36 |5.99 | 3.03 | 2.95 [49.41
B56 | 25 | 19.19 [3.51 [15.67 |81.65 |6.52" | 3.51 | 3.01 |46.16
B63 | 30 | 18.83 | 3.56 |15.26 |81.04 |6.65 | 3.56 | 3.08 |46.31
B64 | 35 | 20.93 |3.66 |17.27 |82.51 |7.01 | 3.66 | 3.34 [47.64
B65 | 40 | 23.16 |3.97 {19.19 |s2.85 |7.56 | 3.97 3,59' 47,48
B66 | 45 | 22.71 | 3.82'[18.90 |83.22 |{7.82 | 3.82 | 4.01 [51.27
A'6 | 50 | 21.63 |3.74 |17.88 |82.66 |7.26 | 3.74 | 3.51 [48.34
Key: Ei = energy absorbed on extension
E, = energy released on retraction
E, .= . net energy absorbed on complete cycle

£ o
(E%)100 = % energy absorbed in complete cycle, i.e. % hysteresis
1 . L . : . _
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Hysteresis Properties of Polyurethane Elastomers Based on

* TABLE 4.23:
Capa 225/CHDI/1,4-BD+1,4-CHDM with the block ratio 1/3/2
o Cycle (1) Cycle (3)
5 —~ ——
R aR
a a 1 ] 1 Lo ] [] [ ] . ] -
s S =| ‘sl s|] | 's| '=| 5] 8
tEUO L 'FE' Og CUE 'Mfl::‘r' -l—g OE ME f;i::lr"
wn = 3R e L Ll RN R A Mg £ R L
Capa 18,6 0.2| 21.36 | 3.10 |18.26 | 85.48 |.6.28 | 3.10 | 3.18] 50.63
B74 | 5 21.00 | 2.87 118.12[86.28 | 6.29 {1 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
879 |30 | 25.45 | 3.56 |21.89|85.01 | 7.76 | 3.56 | 4.19] 53.99
B8O |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 Elastomers Based -
on Capa 225/PPDI/1,4-BD with the block ratio 1/2/1 -

L _ Cyde (1) Cycle (3)
3 a — —
= ) —_ —_ — ™ ey o o
e 18 | V| | Y| 8| el e| s B
g | X o 2| w3l | 2| o2 | o8 |ulhr
(g - ui"E wo?_—._ ufUE g ? w o w = fw = -
B118 | 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| 22.61
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 | 3.4113.09] 79.28 | 6.43 | 3.41 | 3.01] 46.81

Note: Key as in Table 4,22




TABLE 4,25: Hysteresis Properties of Polyurethane E]astomers Based on Caﬁa 225 with Different Diisoéyanates and Chain
Extenders (see Table) with a Block Ratio of 1/3/2. ,

Sample | % Excess Diiso~ - Chain Cycle (1) Cycle (3)
No Diiso- cyanate | Extender E By L Eé Ea. By Eo Eé Ey
cyanate. | a.n™?) { ey | ™3y [ € 100D Fowyn3y [ a3y (.73 (1003}
B103 30 PPDI ‘Dfanol 5.80 3.60 2.20 37.93 4,70 | 3.60 ].10l 23.40
22+33) o I o
1) | | | |
B138* | 30 wr  |1.4-80 | s.46 | 426 | 1.20 | 2198 | ass | 426 | 0.58 | 11.96
B148 30 CHDI - | Polacure 36.65 3.75 "} 32.90 89.76 8.98 - 3.75 5.23 | 58.24
B153 30 MDI 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.

noz
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4.10 HEAT AGEING OF POLYURETHANE ELASTOMERS
4.10.1 Introduction

The ageing of rubber and rubber-iike polymers has been the subject'of
study for many years. It is generally agreed that oxygen attack is
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 evaluat1on purposes161

Heat ageing of polyurethanes is taken to mean the effect of elevated
temperatures on the polymer for pro1onged per1ods but heat age1ng
tests are carried out for two distinct purposes. First, they are °
intended to measure changes in the elastomer 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
ambieht 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 e]asto-
mers was carried out using a cell type ageing oven at 150°C for 3,

7, 14 and 21 days. The cell type of oven is preferred because it is
possible to comparat1ve1y age po]ymers of d1fferent compositions sim-
ultaneously in the same oven. . '
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Test pieces in the form of dumbell type 2 of BS 903: Part A2: 1975
were used and aged by means of a Wallace-cell ageing block kept at

;150°C with a constant rate of new air flow over the specimens.
“Losses. in ‘physical properties by hot air oven ageing was used to

' dmeasure the degree of polyurethane e1astomer deter1orat1on. Test

results were expressed as a percentage of change in the properties-

" ‘against ageing time according to the following formula:

- e P ) P ‘
Change in property -*1r~—- X 100

ihit{a]'Property'Of'specimen |
property of specimen after heating.

-]_where Po

-
[}

4;10?3f7Re5u1ts'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 propert1es of the po1yurethane e]asto-
~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 fo11owing observations
were obtained: there was a decrease in tensile strength and e1onga—
tion at break for the po]yurethane elastomers with respect to air
ageing at 150°C. There-was also observed a decrease in the 100% and
‘,300% modu]us w1th 1ncrea51ng agelng time. ' '

Tab]e 4 7 111ustrates the percentage change in phys1ca1 propert1es
with polyurethane elastomers based on: Capa 225/CHDI/1 4-BD+1,4 -CHDM.

It can be seen that. there is a: cont1nuous decrease 1n modulus, tens11e |
_-strength and e]ongat1on at break at 150°C w1th 1ncreas1ng ageing t1me.__-

";It 1s 1nterest1ng to note that a pronounced 1mprovement in heat age1ng

can resu1t from an ant1ox1dant add1t1on, th1s is observed in polyure-'f-

N thanes based on Capa 225/CHDI/1,4-BD+1,4-CHDM (compare B79 with B79*:1“
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in'Tab]e_427); About 0.1% by weight of antibxidant (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/1,4-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 150°C. PPDI based polyurethanes exhibit

better resistance to ageing than CHDI based polyurethanes.

- Table 4.29 shows heat ageing prbperties 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 150°C followed by an increase
with increasing ageing time. 'A'continuous increase in eldngation at
break also occurs with increasing ageing time. The modulus is aiso .
decreased throughout the ageing per1ods at 150°C.

~ 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 crysta1lisation occurred after ageing and
the po]ymer became very hard increasing to about 100 Shore A compared
with its or1g1na1 hardness of 73 Shore A.

The original co]our of all.the samples changed throughout the age1ng
periods and became darker and darker with increasing age1ng t1me. The
resu]ts are presented in Figures 4., 15—4 19.

Figure 4.15 shows the effect of ageing time on the Capa 225/CHDI/1,4~BD
- based PU elastomer with block ratio of 1/3/2. Numbers 1-5 represent
the effeqt'of ageing time (0-21 days) on polymers containing 5% excess

* B79 with 0.1% antioxidant
*k 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/
1,4-BD+1,4-CHDM based polyurethanes (see Figure 4.16). In this
figure numbers 11+15 and 31+35 represent the effect of ageing time
{0-21 days) on polymers conta1n1ng 0.2% and 30% excess CHDI respec-
tively. As seen in this flgure, the colour change “in polymers with
higher amounts of excess CHDI is more significant than: polymers con-
taining 1ower amounts of excess CHDI

Figure 4.17. shoWs'the effect of ageing.time at 150°C on the Capa 225/
CHDI/Polacure based PU elastomer. Numbers 41+45 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 d1150cyanate.
Figure 4.18 illustrates the effect of ageing time at 150°C 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 (1,4-BD and 1,4-BD+1,4-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 d1o] based

- polyurethane’ elastomers.

The effect of ageing time at 150°C on the soft po]ymer'series is also
- shown in Figure 4.19 and represents two different polymers based on
| Capa 231/CHDI/Capa 305 (numbers 51+55) and Capa- 225/PPDI/Diancl (22+33)
+TMP (numbers 56+60) respectively. In this series of PU elastomers,
as in the other series, the change in origina] colour increases with
increase of age1ng time and after 21 days of ageing at 150°C the ori-
ginal colourIess samp]e changed to a b]ack co1oured samp1e (see Figure 4.19).



TABLE 4.26

: Heat Ageing Properties of Polyurethane Elastomer Based on Capa 225/CHDI/1,4-BD with Block Ratio of 1/3/2
(. _ : : ' ' o '

at 150
Ageing Time
;ﬁg;;lf Samg1e e Eﬁg?ss Unaged 3 days 7 days 14 days 21 days
tles | Value | Value | % Change | Value | % Change | Value | % Change | Value | % Change
Ultimate | 884 5 32.8 18.73 | -42.8 12.63| -61.5. 10.86 | -66.9 9.55| -70.8
Teniile | 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) | BS7 30. - 52.73 | - 30.38 | -42.3 20.09| -61.9 | 19.75 | -62,5 1588 -70.0
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
(%) 887 30 630 460 -27 460 | -27 375 -40 280 -55
T, S g T T Y L T T Sy -1------—---_---------‘-. P f—— PR S F— -
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
B37 30 14,38 14.29 -0.6 n.27| -7.7 12.55 | -12.7 12,31 -14.4
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 . -

99¢



TABLE 4.27;

Heat Ageing PrOperties of Po1yurethane E1astomers Based on Capa 225/CHDI/1 4-BD+1, 4 CHDM with Block Ratio of

1/3/2 at

150°0C

Tensile Sample % Ageing Time :
E?gger No Eéﬁg§s Unaged 3 days 7 days 14 days 21 days
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
Tensile B76 15 56.91 - - 24.80 | -56.4 20.77 -63.5 18,50 |} -67.5
Strength B77 20 55.89 36.24 -35.1 26,07 |- -53.3 17.73 -68.2 14,35 | -74.3 -
{MPa) B78 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 | =~65.8 17.77 =71.5"
B79* 30 - 54.00 - . 38.29 -29.0 - a2 | 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
Capa 18,6 0.2 665 490 ~26 390 41" 380 =42 - -
Elonda- B74 ' 5 790 540 =31 480 -39 470 ~40 450 -43
tiong B75 10 705 550 -21 520 . -26 400 -43 350 =50
at B76 15 715 - - 510 -28 490 =31 450 -37
Break B77 20 675 560 -17 500 =26 380 -43 330 ~51
(%) B78 25 650 - - 380 -4 430 =33 350 -46
B79 30 620 . 560 =9 490 =20 400 =35 350 | -43
B79* 30 . 590 .. : - 570.. -3 - X 470 -20"
B8O 35 560 - - 380 -32 280 -50 250 =55
B81 40 515 400 -22 370. -28 350 =32 200 =61
/Co

ntinued

192



TABLE 4.27:

continued

1005
Modulus
(MPa} ‘

300%
Moduluss
(MPa)

-----------

Capa 18,6
B74
B75
B76
B77
B78
B79
. B79*
B8O
B81
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* Bf9 with 0.1% Irganox |
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TABLE 4.28: Heat'Ageing Properties of Polyurethane Elastomer Based on Capa 225/Diisocyanate/1,4-BD with block ratio 1/2/1 at 150°C

% Ageing Time
Tensile Excess i '
. Sample e Diiso-~ Y
z?gger- No 2;;:gte cyanate |Unaged 3 days 7 days 14 days 21 days
Value Value | % Change] Value % Changej 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
|Tensite 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 54,89 46.84 -14.6 e - 28.40 -48,2 | 25 -54.4
WP B122 15 PPDI 50.67 35.02 -30.8 34.69 | -31.5 30.23 -40.3 25.62 -49.4
(MPa) 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
................... Lt o o s o 0 i ] o ] - 1 2 o " " ] " 0y A - o ] - - - -
B62 20 CHDI 750 570 -24.0 480 -36.0 460 -38.6 400 -46,6
Elonaa- B63 30 . CHDI 715 480 -32.8 460 -35.6 440 -38.4 370 -48.2
,onga B66 45 CHDI 580 460 -20.6 400 -31.0 . | - 280 -51.7 | 220 -62.0
§1°"kat B119 0.2 PPDI 720 700 . -2.7 - . 690 -4.1 690 -4.1
brea 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 J 570 . -5.0 560 ] -6.6 550 ] -8.3
B62 20 CHDI 10.61 8.29 -21.8 7.28 -31.3 6.85. -35.4 6.34 -40.2
1002 B63 30 CHDI 11.52 9.06 -21.3 8.52 -26.0 7.85 -31.8 | 7.46 | -35.2
Modir] B66 45 CHDI 13.12 10.46 -20.2 9,77 -25.5 8.79 -33.0 8.4 -35.9
odulus B119 0.2 PPDI 11.06 8.76 -20.7 - - 8.58 -22.4 8.01 -27.5
v B122' 15 PPDI 10.39 8.85 -14.8 8.74 -15.8 8.60 -17.2 - 8.50 -18.1
(MPa) B123 20 'PPDI 10,82 9.71 -10.2 9.57 | -11.5 9.40 -13.1 9.11 | -15.8
- B125 30 PPDI 10.19 8.58 -15.8 8.43 -17.2 8,37 -17.8 8.27 -18.8




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 1.92 -42.6 9,50 -54.3 .
B66 45 CHDI 25.57 16.71 -34.6 14,84 -41.9 - - - -
| (MPa) B119 0.2 PPDI 18.67 13.86 -25.7 - - 13.21 -29.2 1217 -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 =300 | 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

Sampie’

- Ageing Time

Tensile Polvol Diiso- Chain - :
Properties No y cyanate ] Extender . 3 days. 7 days 14 days 21 days
naged
: . Value % Change  |Value|% Change | Yalue|% Change | Value |% Change
: B103 | Capa 225 PPDI Dianol 31.61 - - 15.66| -50.4 .- - 16.46| -47.9
UTtimate 0 - (22+33) ‘ _ ‘ c
Tensile B106 " PPDI Dianol | 13.22 8.72 -34.0 17.59] +33.0 | 18.98] +43.5 21.061 +59.3.
Strength : : (22+33) ' e ' '
(MPa) . _ . +TMP - ‘ ' ' o
B108 v PPDI TMP 12,45 - S - 8.22] -33.9 10.14| -18.5 12,631 +1.4
B131 | Capa 240+ PPDI T™P 15.56 | 10,21 -34.3 22.47| +44.4 22.61| +45.3 | 23.83] +53.1
: Capa 305 - | o _ _ ‘ 0 - e
-B155 | Capa 231 CHDI _Capa 305 19.131 14.43| -24.5 |[14.80) -22.6. 1} 23.00| +20.2 | 25.00] +30.6
B103 | Capa 225 PPDI ?;gngl) 440 - . 500 | +13.6 -1 - 570 +29.5'
- +33 o N : -
Elongation - B106 " PPDI Dianol 200 . 220} +10 - 290 | +45.00 295 | +47.5- 330 | +65.00
at _ (22+33) : S . : |
Break +TMP
(%) B108 " : PPDI TMP 120 - | =~ 125 +4.1 140 | +16.6 160 | +33.3
B131 | Capa 240+ PPDI TMP 165 { 170 +3.0 230 { +39.4 250 1 +51.5 260 | +57.5
Capa 305 , ) : A .
B155 | Capa 231 CHDI Capa 305 220 300 | +36.3 | 350 | +59.0 1370 | +68.1 380 | +72.7

Jeontinued....




TABLE 4.29: continued

. B103 | Capa 225 . PPDI Dianol 3.04 - - 3.01 -0.98 - - 2.07 | -31.9
100% ‘ ‘ (22+33) ‘ : -
Modulus B106 " PPDI Diano!l 4,87 3.25 | -33.4 3.563 | -27.5 3.83 | -21.3 3.58 | -26.4
(MPa) (22+33) : ' :
: B +TMP ' _ ' .
B108 | Capa 225 PPDI TMP 8.58 - L. 6.90 | -19.5 6.82 | -20.5 6.48-| -24.4
B131 | Capa ggg+ PPDI TMP 6.45 4.49 | -30.3 4.81 | -25.4 { 15.17 |+135.2 | 16.04 [+148.,6
Capa _ ; : § ‘ o _ _
B155 | Capa 231 CHDI Capa 305 7.56 3.60 | -52.3 2.86 | -62.1 | 2.86 1 -62.1 3.33 } =55.9
. B103.| Capa 225 - PPDI Dianol 10.86 - - 5.59 [-48.5 - - 4.45 | -59.0
S _ o . (22433) - - ' L
300% B106 " PPDI Dianol - - - - - - - 15.25 -
Moduius (22+33) ' o
(MPa) o | - +TMP
g B108 ¢ PPDI TMP - - - - -
B131 | Capa 240+ PPDI TMP - - - - -
Capa 305 . ‘
B155 | Capa 231 CHDI Capa 305 - 14.43 - 11.44 - 12.95° - 14,53 -
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Increasing ageing time
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FIGURE 4.15: Effect of ageing time on 1,4-BD based PU elastomer at 150°C:
(a) with 5% excess CHDI; (b) with 30% excess CHDI



274

Increasing ageing time
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FIGURE 4.16: Effect of ageing time on 1,4-BD+] »4-CHDM based PU elastomer

at 150°C: (a) with 0.2% excess CHDI (b) with 30% excess
CHDI
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Increasing ageing time
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FIGURE 4.17: Effect of ageing time on Polacure based PU elastomer at 150°C:
(a) with 0.2% excess CHDI; (b) with 30% excess CHDI.
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0.2% excess CHDI 30% excess CHDI
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FIGURE 4.18: Comparing the effect of ageing time on diol and diamine

cured polyurethanes at 150°C:
(a) 1,4-BD+1,4-CHDM based polyurethane;
(b) Polacure based polyurethane
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Increasing ageing time
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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/PPDI/TMP+Dianol (22+33) based PU
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CHAPTER 5

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDAT IONS
FOR FURTHER WORK

5,1 DISCUSSION AND CONCLUSIONS

The present research programme was 1n1t1ated with the aim of esta-
b11sh1ng a synthesis technique for the preparation of thermally

stable polyurethane elastomers, some of which. could possib1y be used
as tyre. materials A summary of the'research‘investigation and steps -
undertaken to estab11sh this programme is g1ven 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.

‘ cyc]ohexane diisocyanate .(CHDI) prepolymer system. - Capa po1yo1s, 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.

Pre]iminary 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 po]yurethanes
~ which involved the use.of high melting point chain extenders. Using
this technique it was found possib1e to carry out a bulk polymefisa-
tion at'thg normal PU reaction temperature range of 100-130°C.

:7 A1l chain extenders, in general, exhibited high reactivity with the.
prepolymer systems investigated. The major prob]em 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 prepolymer was
so fast that_theré 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-
butyloxy tin dichloride, T220, which extended the pot life time
suff1c1ent1y for sat1sfactony castwng of the polymers to be accom-
plished. The use of such a catalyst was found essential to make
satisfactory CHDI based polyurethanes, " .

The -influence of block ratio, type and structure of chain extenders

and diisocyanates qh'thermaT stability of-po1yurethane‘e1astomers

was investigated. An attempt was also made to investigate the role

of excess diisocyanate calculated stoichiometrically on a block ratio
basis on thermal stab111ty of these PU elastomers. Through this
attempt a new method of producing polyurethane elastomers resulted

in materials that retained strength and e]ast1c1ty at temperatures
h1gher than was prev1ous1y thought possible. 1In this protess the
initially fu11y formed PU contained a large excess of diisocyanate
over the stoichiometric amount required to form the 51mp1e linear
_polyurethane, It was discovered that this excess of diisocyanate,
which is appafentTy 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 crosslinking.
This. both substantially increases the initial physical properties of
the PU and the maximum temperature at which the. elastomer will retain
useful mechanical and ehgineéring properties. A typical example of the
property improvements possible is in the Capa 225/CHDI/1,4-BD PY of
1/2/1 molar ratio where the initial tensile strength (UTS) of the linear
polymer is 17.02 MPa and it has lost ail its strength by 120°C;. using
a molar ratio of 1/2.04/1 (2% excess CHDI) raises the UTS to 43.8 MPa
at ambient enly to completely lose its strength at 150°C 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
210°c. - -
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It is considered that these enhanced physical propérties and tempera-
ture resistance are conveyed to the PU elastomer. by formation of many
isocyanurate crosslinks during the reaction and post—cur1ng step. The
- scheme of 1socyanurate modified urethane.clastomer preparation is shown
in F1gure 5.1.

A feature possessed.by these isocyanurate crosslinked PU elastomers

and considered importaht 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 210-240°C,
and above, only a general softening and lowering of modulus occurs.
This is considered important for engineering applications where the
sudden catasfophic‘fai1ure'that éccompanies fhe'me1ting'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 spectroscopy, differential scanning calorimetry, =
dynamic mechanical thermal analysis, X-ray and scanning electron -
microscopy. '

- The hydrogen bonding.in. PU elastomers as measured by the IR technique
was observed to Tie between 50-60%.. Isocyanurate crosslinking showed
no marked variation in the extent of hydrogen bond formation. TMP
extended polymers showed re1ative1y.10wer values of hydrogen‘bonding.
which can-be explained.by considering them to.possess reduced inter-
molecular attractive forces resulting. from spatial separaiion of chains
due to the increased crosslinking that resu]ts from the use of a tri-
functionai po1y01

The crosslink density of polyurethanes was measured. experimentally
using the swelling method and. it was found that the crosslink 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 ANV OH + OCN - R]_- NCO

Linear polymeric - diisbéyanate
glycol o - '

- .0CN - Ry = A wmmmnn;m;wmA-R - NCO-
1 - 1 :
Prepolymer s

: +_ HO'W.OH‘

short diol chain extender

v

OCN - R-l - A wvanv A R-l. = A WMAAANV\AMAAMMA. A -R.I -Af\msz A-R.‘ -IrNCO

1. catalyst
2. casting

3. curing

4. postcuring

0 _ : : 0
il - ! - 1]
/,C. : . C
AV A D VAN
.._R-I'il _N-R-A_WA-R-IAWAMMAN»A-R-AWA-R-II‘{_-\lil-R.
S N NN
- Poly (urethane-isocyanurate) 0 ‘-l
) | R
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presence of a trifunctional chain extension agent i.e. TMP. It was
also found that a higher crdsslink'density was_zggg§5 _present in
diamine (Polacure) based polyurethane than in diol (1,4-BD or
1,4-BD+1,4-CHDM) 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, péracryétallisation 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 (SEM} and the results showed that a systematic a
change'in:morpho1ogy'of-these'bd]ymers occurréd with increasing;amount-__ﬂ
of excess CHDI.. This is considered to result from increasing domain .i
structure formation forméd-by aggregation‘oﬁ‘the-hafd 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- -
taihing symmetrical ring structure type chain extenders and diisocya-
nates. This gave further evidence of effective hydrogen bonding and

~ the consequeht]y'increased domain formation in such‘polyurethanes. |

In particular, CHDI 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 segment formation of CHDI based PUs resulted in segregated domain -
structures. An.increase in the transition temperature was found with
increase of excess CHDI, possibly éssociated 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 stabi1ify properties were measured by two comp]imentary
methods those of tensile type measurements at elevated temperatures

- using a hot air environmental: chamber and a1so the. dynam1c mechan1-

cal thermal ana]ys1s (DMTA) technique was used,

‘The DMTA 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

L

- the DMTA experimental work:

The effect of chemical structure of various diisocyanates on

the thefma].stabiiity of the resulting polyurethane elastomers
is found by comparing five different types of diisocyanates
synthesised to produce PUs. CHDI based polyurethanes demon-

- strated relatively higher temperature stability than the other
four d11socyanate based po1yurethanes. It is found that the

contribution to PU thermal stab111ty of various d11socyanate

- falis in the following order

CHDI > PPDI > MDI > TDI > H]ZMDI

A Spécia]'feature of the cyclohexane diisocyanate (CHDI) 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 23°C to 205°C for the BD+CHDM

extended PU to the presently obtained maximum of 239C-2600C for

the Polacure extended PU.

It s found that thermal stability can be improved by using
CHDI as-a co- d11socyanate in both TDI and thePHZMDI based po]y—

urethanes

The structure of diol chain extenders has been shown to have a

“marked influence on the thermal stabi]ity of polyurethanes. It

has been demonstrated that increasing symmetry in chain extenders
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gives rise to progressively greater degrees of thermal
stability. It is also considered that the thermal stability
is higher when diamine (Polacure) chain extension is used and
lower for diols.

5. It is considéred'that'using an excess of diisocyanate enhances
~ the thermal stability of a PU by means of isocyanurate cross-

' linking and an approximately linear relationship app11es bet- .
ween the quantity of crossllnk1ng 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.

‘ v 9 i
0 ' | '
| W t
"vwv(.O—C-NH-RTN lil{-R-NH-C-Ov)Nw
ot i
1 C  Cxa 1

¥ 0/\N/ 0 :

R“E}T:E--O‘\F)IV\NVVVV\J
0
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 therma1,stability and strength retention.tensile
properties'weré measured at elevated temperatures. Tensile properties;
namely ultimate tensile strength, elongation at break and modulus are

~ observed to generally decrease over the temperature range ZSQC'through
to 240°C. This effect may be attributed to the effect of temperature

on the crosslink entities pfeseht. It is especially observed that these
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polyurethanes show no sharp melting point and also de not exhibit the
rapid loss in dimensional stability displayed by conventional PUs
when heated.

The greater degree of hard segment domain formation assoc1ated with
the use of excess d11socyanate gives rise to high modulus and tensile
strength values and relatively harder materials. The effect of mole-
cular symmetry on-domain3formation'ahd“phase'separation. and subse-
quently on the properties of the polyurethane elastomer have been
~demonstrated. Tensile strength properties are genera11y 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 tensiTe'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
moduius 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 cross11nk1ng 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 ahd‘e]ongation at break when TMP based PUs were'eompared with
PUs using the mixed Dianol (22433} 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 itfi;.gehera11y concluded that the
higher crosslinked polyurethanes showed lower set values. R

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 flex1ng, of polyurethanes a1so 1ncreased with increasing cross-
1linking or applied strain.

“Hysteresis loss has been found td'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 prOport1on of hyste-
resis loss occurs in the first cycle and this is pr1mar1ly associated
with the high degree.of.structural.reorgan1sat1on 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 doma1n structures belng assoc1ated w1th
the ]onger 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 fiha11y'b1ack.; ”
The results illustrated that the colour chénge in BD+CHDM systems
increased with increasing amounts of excess FHDI._ By contrast the
Polacure based polymers exhibited a decreaéelin'co]our change with
increasing percentages of exCeSS'diisocyanate; These results can be
- explained on the basis that urea linkages in Polacure baséd PU elas~
tomers can give the possibility of higher hydrOgeh bond formation and
hence higher thermal stability.



5.2 RECOMMENDATIONS FOR FURTHER WORK

In view of the results of the.investigatipﬁ carried out in the present
work, the following recommendations can be made:

1. . Investigate the effect of various catalysts on CHDI based
po1yurethane e1astomers as the presence of catalyst is known
to control the final propert1es

2, Investigaté the effect of reinforcing fillers and fibfes 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 sfability and' general physical'and mechanical
_prOpertles e.g. polyether based PU elastomers genera]]y g1ves _'
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 Abbreviation ‘Structure
2,4-Toluene diisocyanate . D1 "H3
. NCO
NCO :
‘2,6-To1uene‘diisocyanate TDI S _CH3 :
8 ocn-[:t:]-Nco
4.4‘—ﬁipheny1methane' MDI :
diisocyanate OCNQCHNCO
4,4'-Bicyclohexyimethane HIZMDI - S '
- diisocyanate 0CN<C:3>CH§<:::>'NCD
1,6-Hexamethylene diiso- HDI 0CN-(CH,) 5-NCO
cyanate_ o _ ' )
| xylylene diiéocyanate X01 l g;QSZNCO
o e
para-phenylene diisocyanate ppOI- - | R
' ) : . o : _:OCN'Q‘NCO o
cyclohexyl diisocyanate ' CHDI - ] _Zf::::::::;jrﬂco
' ‘ ' ' ~0OCN .

~ /Continued..
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cyanate

NDI

Name Abbreviation Structure
2,2,4-Trimethyl-1,6- | THDI CHy  CHg ._
hexamethylene diisocyanate . OCN-CH _é T eH - LHCH. ~CHL-NCO
- e 2 2 72

| % ._
3,3'-Dimethyl-diphenyl- - O CHy CH,
methane 4,4'-diisocyanate 0CN'{i§:}' CH "<C:j§"NCO
' ‘ 2
3,3'-Td1idene 4,4'-diiso~- TODI CH CH3'
Cyanate OCN. @__,@. NCO
Ispphofone diisocyanate IR | CHg
-} e NCO
CHZ-NCO
CHy
1,5-Naphthalene diiso- ~NCO
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PHYSICAL PROPERTIES OF CHDI AND PPDI

Physical Properties

CHDI

PPDI

Form -

Purity

Molecular weight '
NCO content

Isocyanate equi—'
valent -

Trans stereoisomer
Total chlorine
Hydrostable chloride
Spec1f1c gravity
MeIt1ng point
Boiling point

Viscosity, Brookfield

Solubility

Flash point

Ames test for muta-
| genicity :

Toxicity LD50 (oral)
Vapour pressure
Storage stability

White flaked solid
+ 19

166.18

50.57% by ‘weight

83,1 |

>99.0%

100 ppm max

20 ppm max .

1:116 at 70°C
62-640C -

260°C at 760 mm Hg
143%¢ at 25 mm Hg

=13 Cp at 65°C
(#2 spind]e at 20 rpm)

Soluble in aliphatic
hydrocarbons at ele--.
vated temperatures,
soluble in inert _
organic solvents at
room temperature

>210%F (Pensky-Martens
Negative

Similar to TDI
Similar to 7RI
Stable at room tempe-
rature in closed .

containers up to
6 months -

Colourless flaked solid
+ 1%

160.13

52.5%

80.06

100 ppm max
20 ppm max _
1.170 at 1000C
94-950C

2600C at 760 mm Hg
110-1129C at 25 mm Hg

1.114 Cp at 100°C
(#2 spindle at 20.rpm)

Soluble in most inert
organic solvent at ele-
vated temperature

)-

Negative
Similar to TDI.
Similar to TDI-

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} 1,4-BD = 1,4-Butane d101 (1liquid), C4H1002, M. w = 90 12,
Eq. W = 45.06, Fl.p = 134°c. m.p. = 15°c b.p. = 227.230°C,
HO~CHy~CH,~CH,~CH,~0H
Supp11er GAF (Great Br1ta1n) Co Ltd

"I1) 1,4-CHOM =1 »4-cyclohexane dimethanol'(cis, trans-1 4¥b4s-(hydroxy-
methyl)-cyclohexane (solid), CeH ]O(CH OH),, M.W. = 144,21,
Eq. W.= 72.10, m.p. = 56°C, b.p. = 283°C

R CHy—— CH,

¥ . / I- \
HoCH, - o - oot

| CHp cH,

Supplier: Ald:rich Chemical Co Ltd. -

iII) 1,6-HD = 1,6-Hexane diol (hexamethy1ene glycol), (so1id), CSH1402’ .
- MM, =118.18, Eq. W =59.09, F1.p. = 98-100°C, m.p. = 40.420C,
b.p., = 250°C - '

HO- CHZ--CH2 CH CH2 CHZ-CHZ-OH

IV) Dianol 22 = [1,1'-Isopropylidene-bis-(p- phenyTene oxy) di-g-ethanol],
' (so]1d) M.W. = 316, Eq. W =158,

?HS”

Supplier: Akzo Chemie UK Ltd



293

-~ V) Dianol 33 = [1,1'eisoproylidehe-bis-(p-pheny1eneeoxy)di-w¥propano1-2],-"
(solid), M.W. = 344, Eq. W = 172, m.p. = 70-80°C, B

1]

OH OH

' : CH3 '
CH3- CH CH2—0 (I.‘. . O-CH2 - CH - CH3

[IH_3

~ Supplier: Akzo Chemie, UK Ltd.

[}

VI) HQEE
M.M.

Hydroquinone-bis-hydroxyethyl ether (solid), C]OHMO4
198, Eq. W = 99, m.p. = 100°C,

!’

HO - CH, - CH, - 0 - 0 - CH, - CH, - OH
Supplier: Eastman Chemicals USA and Aldrich Chemical Co Ltd.

VII) Polacure 740M = Trimethylene glytol Difp-aminobenzbate (solid),
- Cytighy0ys MUL = 314, Eq. W = 167, m.p. = 125-128°¢C,

0 0

T S
H2N-<<::i:>r-c *0 - CHy = CHy - CHy - 0 - C—<i::::>-NH2

Supplier: Polaroid Corporation, USA.

VIII) 1,4-CHD = cis,-trans-1,4-cyc10hexéne diol (solid), CGHIQOG’
MW. = 116.16, Eq. W = 58,08, m.p. 98-100°¢, b.p. = 1509C/20 mm Hg

- HO -<i::::>>- OH

Supplier: Koch-Light Ltd.
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IX) TMP = Trimethylol propane (24éthy1-2-hydroxymethy1 propanediol},

(solid), CGH1403, = 134.18, Eq. W = 44.73, m.p. = 56-58°C,
CH., - OH
[2
cns - cH2 - f - CH,OH -
CH, - OH

Supplier: BDH Chemicals.Ltd.

XYy Qu1n01 Hydroquinone (sol1d) CG 6 2, M.W. = 110.11, Eq. W = 55.05,

= 170-174°C
Ho@ou

Supplier: BDH Chemicals Ltd,

XI) Catecho] =1,2- Dihydroxy pheny1ene (so]1d) CG 6 2, M.W. = 110.11,
- Eq. W = 55.05 ' \

— OH
Supplier: Ralph N Emanuel Ltd.

XI1) 1, 6-ND = 1 5-Naphtha19ne d1ol (so}1d) Cm gl ‘MM, = 160.17,
m.p. = 260-262°C, Eq. W = 80.08.

OH
~ Supplier: Ralph N Emanuel Ltd.
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'XIII)'2,3-ND = 2,3-Naphthalene (2,3-Dihydroxynaphthalene}, (solid),
. CygHglys M.M. = 160.17, Eq. W = 80.08, m.p. = 162-164°C,

See

Suppiier: Ralph N Emanuel Ltd.

XIV) Anthraflavic acid =.2,6-Dihydroxyanthraquinone (solid),
CyHg0,» M.W.= 240.21, Eq. W = 120.1, m.p. > 320%C

OH

> ~;
OH .

Supplier: Ralph N Emanuel Ltd.

XV) 2,4-DB = 2,4-Dihydroxybénzophenqne'(5011d)5 C13H1003, M;N. = 214,22
Eq. W = 157.11, m.p. = 144.5-147°C, o
: }

COH

Supplier: Koch-Light Laboratories Ltd. -’
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XVI) p,p'Biphenol (solid), CIZHIOOZ’ M.W. = 186.21, Eq. W = 93,1,

XVII)

m.p. = 278°C

HO - 7\ OH

Supplier: - Aldrich Chemical Co Ltd.

Bisphenol A = 2,2'D{(4-hydroxypheny1)-propane, (solid),
Cy5M16022

| fH3. .
Saras
CH3

~ Supplier: BDH Chemicals Ltd.

XVIII)

XIX)

M.W. = 228.29, Eq. W = 114.14, m.p. = 153-156°C,

Di{4- hydroxypheny]} sulphone (solid), C12H]004S MW, = 250, 27

Eq W = 125.13, m.p. = 238-242°C

”O@Il©OH | .

Supptier: BDH Chemica1 Co Ltd..

=0

O W

1,8~ D1hydroxyanthraqu1none {solid), [CO. C (OH)zl’.M'H'

Eq. W = 120.10, m.p. = 190- 1930

Supplier: BDH Chemicals Ltd,

= 240.21,
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XX) 2,6-Diaminoanthraquinone (solid), CMHszNZ, MM, = 238.25,
qu w = ]19.]’ mopa > 32500, .

N Hy

Supplier: Ralph N Emanuel Ltd,

XX1) 4,4-DMA = 4,4'-Diaminodiphenyl methane (sol1d) C ]4N2,
: MW, =198.27, Eq W= 99 1, '

~ Supplier: BASF.

XXII) MOCA = 4,4'-Methylene biS-O-ch1oroaniline (solid), Cy3tlyoNoClys
M.W. =267, Eq. W = 133.5, m.p. = 110°C

:Supp1ier: Hickson and Welch Ltd,
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LIST OF THE DIISOCYANATES AND POLYOLS USED WITH THEIR STRUCTURE AND
RELEVANT TECHNICAL INFORMATTON:

a) Ditsocyanates:

I) CHDI = 1,4-trans cyclohexane diisocyanate (solid), M.W. = 166.16,
Eq. W = 83.09, m.p. = 60-64°C, b.p, = 260°C and 760 mm Hg

m'm
OCN . | -

Supplier: ' Akzo Chemie and Armak Co.

péphenylene diisocyanate (solid), M.M. = 160, Ed._H = 80,
93-949C, b.p. = 260°C at 760 mm Hg

OCNO. NCO

Supplier: Akzo Chemie and Armak Co.

11} PPDI
. m.p..

H

"I1I) MDI = 4,4'-methylene-bis-phenyl diisocyanate, M.H. = 250,
Eq. W = 125, m.p. = 38°, |

ocn@-cu NCO

Supplier: Bayer Ltd.
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- Iv) HTZMDI (Des, H) = 4 4'-methy]ene-h1s-cyc10hexy] diisocyanate
' (1iguid), M.W. = 262, Ew. W = 131, '

OCNCHNCO o

‘Suppliefr: Bayer Ltd.

V) TDI Toluene d1lsocyanate (80/20 of 2, 6 and 2,4 1somers), :
(liquid), M.W. = 174, Eq. W =87, F.P. = 127, b.p. = 246-247°C

" A 3
F NCO . OC NCO
o o
(2,4-isomer) -~ (2,6-isomer)

Supplier: Bayer Ltd.

b) *~?bzga13
I) Capa 225 = (hydroxyl termlnated pon(capro1actone] (5011d),

M.W. = 2000, Eq. W = 1000 . p m60°C
: Hydroxyl value mg KOH/g

m+MWM%MHWMy+m'
2 R - Wl =0
R = polymerizatioh'initiator '

© Supplier: Laporte Industries. Interox Chem1cals L.td, Luton
' . Bedfordshire. : : :
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II) Capa 305 = (hydroxy1 terminated polycaprolactone tr1o1) (11qu1d)
M.W. = 540, Eq. W'= 180, OH value mg KOH/g = 310,

Supplier: Laporte Industries Interox Chemica]s Ltd, Luton,
- Bedfordsh1re
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. APPENDIX 2
PRECAUTIONS ‘NECESSARY IN THE HANDLING OF RAW MATERIALS

a) DIISOCYANATES

All iSocyanatés“are potentia]]y hazardous. chemicals and because they ..
are used as raw'materia1s on a very large scale.in the manufacture of
polyurethanes, Qreat‘éare must be taken in handling these materials.

Due to their high vapour preSéure théy.are.strqng 1achrymafor5jand may
cause asthma after repeated inha1ation]50. However;'the'general hazards

to health associated with isocyanates may be summarized as follows:
isotyanates are strong irritants.to the skin, eyes, gastrointestinal

tract’ and the respiratory systems16 “In particular, mild to. severe
asthmat1c attacks will result in the majority of people exposed to
inhalation of isocyanate vapour and th1s must be recognlsed as an -

" acute hazard

“As a result of experiments based on. énimal and, clinical analysis, a
threshold Timit value (TLV) of each . 1socyanate has been.vecognised.

It means the maximum average atmospheric concentration of an isocyanate
to which one may be exposed for an e1ght hours working day. TLV is
expressed in concentrat1on as. 'part .per million' (ppm) wh1ch is the
parts of vapour per million parts of contaminated air by volume at 25°C
and 760 mm Hg pressure. Threshold Timit values .(TLV)} for-some commonly
used diisocyanates are g{;en in Table A2.1. It is important to realise
~that isocyanates are usually not detected by odour unt11 their concen-
tration reaches 10-20 t1mes their TLV.

TABLE A2.1: Threshold Limit Va1ues (TLV) for Some Commonly USEd

, D11socyanates
Diisocyanate } - . TLY {ppm)
Toluene diisocyanate (TDI) - | : 0.02 .
Diphenylmethane diisocyanate (MDI) | 0,02
Isophorone diisocyanate (IPDI) 1 o0
1,6-hexamethylene diisocyanate (HDI) SRR EEEERRY | 1 1)
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~ The probability of an isocyanate vapour becoming harmful is increased

if it is used above its TLV. One should always wear rubber g1oVes_and'
safety spectacles or respirator.while handling isocyanates and ensure
proper ventilation. In the case of any spillage, adecontaminant should

- be used to neutralise the reaction.of 1socyanate A suitable decontami-
nant. fluid has . ‘the following compos1t1on {by volume): 1ndustr1a1 methyl-
ated spirits ore1sopropy1 alcohal (50 parts) water (45 parts), concen- |
trated ammonia solution (5 parts). Empty isocyanate.drums should be:
decontaminated before disposa1 by fi1ling them with sodium carbonate

~ solution and leaving them to stand for 24 hours with the bungs removed
to allow carbon dioxide to escape. Care shou]d be taken to avoid the
1nha1at1on of the’ iocyanate vapour d1sp1aced from the drum dur1ng
fi]]ing :

b) :DIAMINES

In view of the toxic nature of these chem1ca1s spec1a] precuations are
necessary in the hand11ng of them. _Diam1nes ser1ous1y damage the eyes
~and in certain cases cause ser1ous,burnS'en*éOetact w1thiskinjﬁ. Some
diamiﬁes are uhdoubtedly active cancer promoting agents, for example,
one technically and commercially impoftant_diamine has acquired the
reputation of -a_potential carcinogen over ‘later years which'is 4,4'

| ~ methylene b1s o-chloro-aniline (MOCA) and part1cu1ar hyg1ene precuat1ons

are- requ1red in its use.

"¢) POLYOLS AND GLYCOLS

Polyols and glycols are generally. regarded as non-hazardous and no -
spec1a1 precaut1ons are necessary. They do not vaporise at ‘ambient
' temperatures and hence do not constitute an 1nha1at1on.hazard.
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" 'APPENDIX" 3

. FORMULATION OF RUBBER'USED THROUGHOUT THE
COMPRESSION 'SET, TEAR AND SKID RESISTANCE INVESTIGATION

M;terialb”- e | “phr

MR (SMR-20) . | 30.00
SBR1S00 L ©70.00
Zinc oxide - ' B o 4.00
silphur 1 200
cBs . | S 0.25
Santocure MOR | I o 0.25
Flectol-H = . | | . . 0.75
Pérmanax B. - | o _l_ ) o é,op ?,;j:
Mfcrocrysfa]line wax | _ T i - 3.00
Stearic acid | - . 2.00
Carbon black FEF 1 st
Processing_bi] : | o : 7.50

t90 = 16.5 minutgs



Torque (dN-m) -

.5

10

15

20

25
Time (mins)
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20

FIGURE A3.1: Curing Behaviour of NR/SBR Compound

#0¢g -
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| - -APPENDIX" 4
~'PLDYNAMIC MECHANICAL THERMAL ANALYSER

" The Dynamic Mechanical Thermal Analyser is‘made'ﬁp bf‘four matn parts.”i"'”

dynamic ana]yserb temperature programmer, measur1ng mechan1ca1 head and o

plotter. = - : —

The dynamic analyser computes the dynamic storage moduli (E') and
damping (tan §). 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-selected levels and
anaIyseésignaI amplitudes and phase. The driven”frequency teehnidue

. allows measurement.at a number of fixed frequencies from 0,033 Hz to
90 Hz. AnaTogue outputs for tan &, 1og £ and, temperature are ava11-
able from the rear panel. |

The temperature programmer'provides”versatiIexprogrammed? heating,
cooling or isotherming of the sample from -TSOOC_to_+300°C (500°C high
temperature option). Normally scanning rates for good'measurement'
accuracy are <5°C/min.

The meaSuring mechanical. head houses the.sample in a temperature enc]o-

sure, where it.is subgected to small amplitude S1nus01da1 osc111at1on.

In normal operat1on a bar sample is clamped r1g1d1y at both ends and

its central point vibrated s1nuso1da1ly by the dr1ve c]amp. The stress

experienced bylthe sample, via the ceramic drive shaft, is proport1ona1

to the current supp11ed to the vibrator. - The strain in the sample.is

proport1ona1 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 1ight metal diaphragms which allow

| 10ngitudine1'but not lateral motion, '

1
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-+ The enyironment is comp]ete1y contro11ab1e in the temperature enclosure
as nitrogen coo1ant c1rcu1ates in.an enc]osed Jacket w1th electiical

heat1ng providing the temperature control. ~An 1nert gas or contr011ed o

hum1d1ty air can be introduced from p1pes in the rear-bulkhead.
Temperature is sensed and controlTed to w1th1n 0.20¢ by a p1at1num

vesistance’ thermometer 1y1ng 1mmed1ate1y beh1nd the sample. A’ sche=
© matic view of the mechan1ca1 head ‘s shown.in Figure3s, L |
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