CHAPTER 2
THEORY AND LITERATURE REVIEW

The original discovery
polyurethane was made by
Leverkusen, Germany in polyurethanes as fibres,
adhesives, coating and-féam “fact, most polyurethanes
application have been dévelopg

of polyurethanes.

more than one reactive ' yanate group | - un&lu or polyisocyanate)
and alcohols that have t\\? or more reactive h:.rdroxyl group per molecule (diols or

polyols). This kiw;ﬂaﬂ%% d%inw mﬂﬁ All polyurethanes

are based on exbthermic reaction of dnsucranale or polmsocyanala with polyols
s, T o S, 6 A e
funnliunnlﬂy of both isocyanate groups and polyols, including the location of substituents
in proximity to the reactive isocyanate group (steric hindrance) and the nature of the
hydroxyl group (primary or secondary). Relative few basic isocyanates and a range of
polyols of different molecular weight and functionalities are used to produced various

kinds of polyurethane products in an extremely wide range of grade that is stiffness from



very flexible elastomer to rigid, hard plastics. The range of end products which is derived
from polyurethanes is shown in Figure 2.1,
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Figure 2.1 Properties metrix of Polyurethane




The reaclion of diilsocyanate with polyol is shown in Equation (2.1).

nOH-R-OH + nOCN-R-NCO ——= —[-O-Réﬂ-CD-Ni-IAR'-NH-GD-},,- PR 2 ||
Urethane linkage
Polyol Diisocyanate Polyurethane

cturin ft
The key to the manufa 77 i wy:;ﬂ is the unique reactivity of the

ilic addition which reactive
hydrogen atom is transferred.de-the nitrogen of the isacyanate and the remainder is

attached to the carbo by a step-wise process
(G.Norman and S.Geraid,1985). pol ' -;- ' of the isocyanate group enhances

the addition across the garbg o0e ) nd v lich allows rapid formation of

molecule is formed. E
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Raactiun with amines: diamines are used as chain-extending and curing agent
in polyurethane manufacturing. It can increase the potential for both primary (covalent)
and secondary, or hydrogen-bonded , crosslinking and resulting urea segments in

polymer as shown in Equation 2.2,



RNCO + RNHp — RNHCONHR'’ SN 3|
urea
Reaction water : the reaction of isocyanates and water leads to substituted
carbamic acid (unstable product) which decomposes to give amine and carbon dioxide
that acts as blowing agent in the manufacturing of low density flexible foams.

R-NCO + R £ L/ RNHCOR + 2 (2.4)

If the reactants are difunctional groups, lifiear product is formed. Moreover,
higher functionality with suitable céndifiens iz fo the formation of branched chained or

crosslinked materials. A i 1s0Cyanate will urethane and amide
groups can result in mtﬂ rmation of : ,.m" acylurea , biuret and

allophanate links on to the qpain chain (C. Hepbuﬂ 1982).

-RNCO ++@M’J Mﬂnﬁ ng’] ﬂj .......... (25)
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R'NCO  + {R'-lﬁ:!:-N-R' } =—— ﬁ'-T-ﬁ:-:ia-R*+ .......... (2.6)
!
HOH r:m:i OH
H-N-R"

Isoyanate Urethane Biuret



RNCO  + fRNHCOOR"'} =———— {R'N-COOR"}- cereeeen(2.7)

O=C-NHR

Isocyanate Amide Allophanate

themse hfnnnhenﬂymamibhtﬁmar
structure, the so-called uretidinedione: ud Thus 2,4- and 2,6-TDI do

ama\mmymﬁ]maﬂ

Storage or heat
3(R-NCO) o -.(2.9)
or catalyst
H
R

Isocyanurate



In the presence of special catalysts, isocyanate can react to form carbodiimide
with eliminate carbon dioxide and then react reversible with further isocyanate to give a
uretonimime. Polycarbodiimides are used as anti-hydrolysis additives in polyester based

gusdneningnng
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stages : first at room or higher temperature to generate the carbamyl chloride and HCI;
further treatment with phosgene at temperature of the order of 150-170°C , then forms

the isocyanate according to the reaction 2.11 and 2.12.
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cock RNH;

RNH:  —— RNHCOCI + HO ——» RNHCl + RNCO  ......(2.11)
Carbamyl chioride
COChL
BANE —S EORHE o e s (2.12)

The structural formula of diisocyanate are given in Figure 2.2 which includes

CHDI, TODI, but about 95% of all

(TDI), 4,4-Diphenyimethane

TDIonttresaanopounedas&lmmﬁchmdinusa having a marked

A L A AL L I

damage to health 5 to be avoided. Dnghenmerhand mudlmucym MDI based on

ol 8 0 S 8 e

itis mamfac:luring is more complex than that of TDI. Otherwise, the disadvantage is less

easily purified and consequently MDI is often used in the crude (undistilled form). The

manufacture of MDI is shown in Figure 2.5.
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Figure 2.2 Structural formula of diisocynate
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Figure 2.4 Diisocynate preparation routes for production of TDI
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MDI is produced from aniline and formaldehyde by using hydrochloric acid as a
catalyst. This condensation reaction produced a complex mixture of polyamide which are
phosgenated to obtain a polyisocyanate mixture as shown in Equation 1.13 and 1.14.
The product, known as the polymeric MDI as shown in Figure 2.6 (LF. Hatch and

S.Matar,1981)

......... (2.14)

N )-CHAT [N 32,6150l NS Hz J-NCO + 4HCI

Figure 2.6 Structure of polymeric MDI



Polymeric MDI may contain 55 % of the 4,4’ and 2 4'-diisocyanate and 20-25 %
of triisocyanates and the remainder being polyisocyanates. Another form of MDI is pure

MDI, a low melting solid (m.p. 38°C) is available and is produced by separation from a
polymeric MDI precursor. It usually contain small amount of the 2,4' isomer.
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Figure 2.7 Structures of pure MDI

16



Table 2.2 Range of MDI variants
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Average

Product
description

20

2.01-21

2123

25

27
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polymeric MDI
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Rigid ©

polyurethane
isocyanate foams
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Clipboard and

foundry sand

biliders

Continuous
lamination of
rigid foam and
foam slabstock

Remarks : Functionality is defined as the average number of chemically-reactive

groups on each individual molecule present.




2.2.2 Polyols
Most of the polyols used in making polyurethanes are classified in two
types : hydroxyl-terminated polyethers and hydroxyl-terminated polyesters. The structure
of polyol influences on the properties of the final urethane polymer.

ht polyols that range from
viscous liquid to waxy solids molecular weight. Commercial
polyether polyols are sho! ols used in polyurethane

manufacturing are polypr propylene oxide.

Table 2.3 Comgmergial Polyether polyels (M. Morton, 1987)
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CHs
base catalysts |
CH,———CHCHj » H{OCH,CH };0H
\ // (NaOH or KOH in aq. solution)
o .
Propylene oxide Polypropylene glycol
Wm%iswr via a chlorohydrin intermediate
and polymerized by basic "
iy .,
The manufacturing of ¢ A or propylene glycol
or diethylene glycol as init Then pump into a
catalyzing vessel heated fc he solvent is removed and
the alcoholate formed, & &l at 90-120°C . Propylene

oxide is pumped into a pregsurg of 10-50 psl Which is maintained until the desired

Bropyiede oxide is distilled off and the

.-- a2 - - p L
polyether mixture transferred to a neutralizing v | and neutralized by sulfuric acid.

...'-l".--",‘..f_.—"'-\.‘r"\q'

Then the mixture "E,.!f.t-:! ane .i::__ o 0.05% maximum.

il W
Antioxidants are addec ‘ :ne glycol flowsheet is
given in Figure 2.8 and Figure 2.9, respectively.

AUEINENINYINT
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Figure 2.8 Polyether (polypropylene) glycol manufacture flowsheet.
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Secondary hydroxyl Elndm oxide Primary hydroxyl end group

Figure 2.9 The manufacture of polyether polyols



Secondary hydroxyl end-groups are several times less reactive with
isocyanates than primary hydroxyl groups.

Table 2.4 Advantage and disadvantage of polyester polyols compare with

| polyether polyols -.....__“A\ '////JJ

-Sensitive to oxidation

| L Q/
AUYINBNINYINT
For prep:Jratlm of polyesters, ‘conventional methods of polyesterification, i.e.
reaction lndbl LN ik 9 b bod 1 Wikt 1Neibon beng
removed t:r distillation and the reaction help by use of vacuum or an azeotrope. The
molecular weight can be controlled by the molar ratio of the reactants and the reaction
conditions, but it is essential that the terminal groups should be hydroxyl terminated so
as to react an excess of the stoichiometric amount of the difunctional glycol with the

dibasic acid as shown in equation 2.15.




(n+1) R(OH), + nR(COOH), —» H{OROOCR'CO}OROH + 2nH;O ......(2.15)

mmmmmmmmmﬁwmmhmmﬁm
2.10.
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Figure 2.% Condensation polymerization equipment

for manufacture of
et e

A molar excess of glycol over acid in the range of 5-20 % is required to be
heated to 200-500°C under vacuum to prevent oxidation discoloration. Water is removed
during the reaction and any glycol evaporated retumed by the use of a fractionating

column.



Polyester polyols is used in production of specialty polyurethane flexible foam
and thermoplastic polyurethane elastomers and fibres. Polyester polyols are also made
by the reaction of caprolactone with suitable glycols. The reduction of ester groups in the

macromolecule improves the hydrolytic stability of the products.

; expressed as mg KOH/g.
its molecular weight and

m Vtﬁﬁﬁ‘i MJ (r —
W:W«ﬂ TR T

Isocyanate index is defined as the amount of isocyanate used relative to the

theoretical equivalent amount of isocyanate required.

Isocyanate index = a of i x 100
Theoretical amount of isocyanate required




Isocyanate Value = % NCO groups = 42 x (functionality) x 100
Molecular weight

= 4200
Equivalent weight

Calculating the ratio of the numpnnents required for polyurethane

manufacturing is to calculate the number of ht of the isocyanate that are
required to read with two parts by W eight (¢ and proportionate amounts

of additives.

22310&}&!&3!
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balance of renc:tl rate between numpeound of differing active hydrngan activity. The
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chain pmpigatinn extension, and cross-linking but also influence the ultimate properties

of the final polymers.

Choice of the catalyst depend on catalyst activity, odour, vapour
pressure, toxicity, solubility, processing, cost etc.



The commonly used catalyst can be divided into two categories:

1. Tertiary amines (see Table 2.6) which promote OH/NCO reaction

(blowing).

The mechanism of this catalyst involve the donation by the tertiary
nitrogen to the carbonyl carbon of the isocyanate group, then formation of a complex
intermediate. The efficiency of te ; se with the basicity of the amine, and

Table 2.7) which promote

ficient catalysts than the

amines, especially for the fiyd@xylfisocyanale re ' unden, 1976). This allows

increase viscosity rapidly to & siate e | _gas {8, effectively trapped, as well as to
developed enough gel strength 1o preven '
has ceased. - , .

X'}

i from collapsing after gas evolution

g
 AuInenIneIng
ARIAINTUNRINGIAY



Table 2.5 Reasons for using additive

Additives Type of Material Purpose
Camalyst Tertiary amines To speed up the reaction
Organomeallic ofisocyanate and polyol
Enmpomds
Cross-linking Polyols To give polymer cross-
chain-extending Poh ] linking or 1o introduce
agents ) specialised polymer

Blowing agents Vater (reacts wiw | To produce foamed

" Surfactants ‘iﬁid and help foam-
§ ng processes
Colours idurlifﬂiﬁmntbam
grades and for aesthetic
1 Lﬁ-: SONs
Fillers » modify properties
5 iffnes ,il'!
] performance efc.)
Flame re en | To raduce flammability

et

o reduce the amount of
and/for.c smoke or o slowdown
(polycarboxylates, rate of smoke pro-

@ 4| hydrated oxides, borates | duction on buming

Pl 1151 1995111 W\ &qﬂ‘é’
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Table 2.6 Some tertiary-amine catalysts

Catalyst Application
1. N,N-Dimathylaminoathanol Inexpansiva, low-adour, isocyanate
reactive mobile liquid catalyst used
(CHa)}2NCH.CH;OH inpolyether-based flexible foams.
2. N.N-Dimethylcyclohexylamine Liquid with an intense odour
(Catalyst SFC) Rigid foams, polyester-based
flaxible foams and some semi-rigid

e, .
A
i sl

U CHCH:
QR TREDIUY

CH:CH:

synergistic catalyst in flexible

AN




Table 2.7 Some commercially available organometallic catalysts

Catalyst - Principal applications
Stannous octoate Slabstock polyether-based
flexible foams, moulded

Dibutyttin dilaurate

systems, especially those

based on TDL




2.2.3.2 Chain- extenders and crosslinking agents

Chain-extenders are difunctional substances, glycols,
diamines or hydroxy amines which a diamine chain extender give more excellent
physical properties results than if a diol were used, probably due to the introduction of

urea linkages which enter strong by eraction as shown in Figure 2.11.

h as flexible foams; microcellular
Wmﬂlm agents and cross-

ng a functionality of three or more

AU L TVTILTE ST

as gas bubblas in “flexible foam".sIn addition to_generating carbon dioxide, the

wteree it i) et o o) ) o dssohial ko potymorhrd

9
segment, but also the exothermic heat required to complete the polymerization and

vaporise any non-reactive blowing agent used. Physical blowing has no effect upon the
hard segment of polymer chain but tend to reduce the stiffness of polymer. On the other
hand, chemical blowing stiffens the polymer by increasing the polyurea content of the
polymer structure and the degree of the secondary bonding between polymer chains.

Some non-reactive blowing agents are given in the Table 2.9,
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Figure 2.11 Prepolymer reaction sequence for elastomer synthesis



Table 2.8 Chain-extending agents, cross-linking agents and curing

agents and their diilsocyanate equivalents

Additive Functionalityy Mole OH Value | Weight of diisocyanate
Weight |(mg KOH/g)| (g per 100 g of required
additive)
TDI MDI

Ethylene glycol 280 401
CoH4(OH)

Diethylene glycol 164 235
0{CoH40H)»

Propylene glycol 229 329
CaHg(OH)»

Dipropylene glycol 130 186
O(CaHaOH)>

1,4-Butane diol 193 278
CaHalOH)»

Polypropylene 435 62
glycol 400

m-Phenylene 161 231
diamine

CrHalNH5)»

Diethyl toluene 97.7 140
diamine e

CaHCHA(CoHR)H(NHo)> |

Dimethyithio toluene 81.2 116
diamine -~

CRHCHA(SCHA)»(NH,)»

¢ o Q/
v AU INININERNT™= | =
HOH ‘
U
Diethanolamine 3 105.14 | 1601 248 357
=R AN INUATININQY

Triethanalamine 3 149.1 112 175 252
N(CH,C -

Glycerol 3 g92.11 1827 284 407
CH5OHCHOHCH,OH

'Daltolac’ C4 3 168 1000 155 223
'Daltolac’ C5 3 150 1125 175 251
‘Daltolac’ 50 4 498 480 75 107
'Uropol' G 790 4 280 800 124 178




Table 29 Non-reactive blowing agents for polyurethanes

Blowing agent Trichloro- Dichloro- Methylene
methane
T 12)
Molecular weight . 84.94
Density at 20°C(g/mi) 1.366
Boiling point at 1 atm (°C) 40.1
Freezing point (°C) 96.7
Threshold limit value 50 ppm Ay
(TVL*,ppm)
Solubility |
(/100 g solventat20.°6) |
Water / 2
Ethanol - , 2
g
Polyethers ..l....i .:::!&...:'l..... or all applications

ARANNT

soluble
=
[
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2.2.3.4 Flame Retardant

Polyurethane will bum given the application of sufficient heat
in the presence of oxygen. Flame retardants are added to polyurethanes to reduce the
flammability, ignitability and the buming rate of polyurethanes which operate through

filling with incombustible
materials to delay lgritlan

d means of diluting the
s on heating to give

. s ' j,"}_l\\\
ks 78 \\Q\‘ of buming by filling with

aact with the polymer or that

produce a gas.
e use of additives.
are chlorinated
phosphate esters. Th o e 2.10 :
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Table 2.10 Some flame retardants for polyurethanes

Additives Typical application
A_Non-reactive liquids All polyurethane foams including
Tris(2-choropropyl) phosphate polyester-based foams and
'Daltogard'F microcellular elastomers.
Tris(2-chloropropyl) phosphate, nlyether-based flexible and rigid
(T.C.E.P.) 1@5

N
Tris(2,3-dichloropropyl) “'-\-‘S«““ 3 @w flexible and rigid
phosphate, e —

H—.
lFlelFRz T —

bis-(chlorommethyl) pro
phosphate

Dimethyl methyl phosphons

'Celluflex'FR-2 7 |
Tetrakis(2-choromethyl)<2,2-

'Phosgard'2XC20 1=

B. Isocyanate-reaclive
Tris(polyoxyallkyleneglycol)-
phosphonates and phosphi

e
s »
- e
wd ] g

LS

esters. _

,; '-J_--
tris(halogenated polyol)- *'-:_
phosphonates. b

LAY
3

Dibromoneopentyl glygol.
'FR'1138 ;

-

e 1 ' o '
= il I s
F _l_ ¥

Brominated polyester alg igid pa yurethane;id

polyether diols. polyisocyanurate foams.

'Saytech'RB-79 and 42-43 ¢ < | (Y ‘

rersereonbpld € 4 V] HLILELLD) 3

El;;:::omnphlh anhydride ! pulvisncyantgm foams. =

R BORAT) T O BRATAHA G 8
in rigid polyurethanes.

Aluminium hydroxide.
Melamine.

Calcium carbonate.

All polyurethanes but especially in
low density flexible foams for
ignition

and smoke suppression.

Heat absorbing filler.

T 15285453
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2.2.3.5 Colouring materials

During manufacturing low density flexible foam, it usually

add pigment pastes in order to identify the grade and the density of the foam. The
pigment are also used in both organic and inorganic pigments. The characteristic of

pigment used must not react with and must be stable at the high curing
temperatures reached in the manufact ﬂ foams. The most widely used
colouring material is bl protection against surface
—7777.
cﬂmﬂm:s::nyl
dyeing but its _
2.2.3.6 Filiérs

polyurethanes. Particulate filler

and usage of fillers. Souﬂm" s and their are mﬁ in Table 2.11 and 2.12,
respectively.

ﬂuEJ’W]EW]‘EWEHﬂi
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Table 2.11 Some fillers and their application in polyurethanes

Filler - Typical applications
Calcium carbonate, Flexible foams,semi-rigid foams,
(Ground chalk,ground limestone, | binder compositions, rigid seif-
whiting) skinning mouldings.

Barium sulphate, (Barytes) \‘\V faanummuidfnm
Ciays(China M-'@% Y%

» ¢ o v/
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Table 2.12 Some high modulus reinforcing fibres

Fibre . Young's
modulus (g)

Specific gravity
(s.g.)

els.g

AULINENTNEINS

2.55
27
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2.3 Literature review

Nierzwichi and Wysocka (1980) studied about varying amount of chemical
composition (NCO/OHratio) revealed a joint action of crosslinkage and microphase
separation in determining mechanical properties, swelling behavior and glass transition
temperature of the system. The al\ that the investigated system of
NCO/OH ratio at 1 was prefer lﬁ'w ries. Thus polyurethane were
prepared from mlﬂﬂhy@glyﬂ 4muthanu diisocyanate, 1,4-

j&nﬂ\w.ﬁ work summarized that

butanediol, or 3,3-dichloro-4

mechanical properlies of to NCO/OH ratio and

microphase separation.

diphenylmethane diisocyanate at ﬂfiﬁjs _,
£5) 2 =

"” -3 Y

E‘jﬁH 11 T5 and mﬂbﬂ M? en experimental and
theoretical dependenges of Mlﬁllh_l'llllt;_ haviour. In the range

rH =1, the result wemjoncluded that the theory adaquauy describes experimental

:::::::.mﬂ*ﬂwﬁ‘wm e iy
WADIAAMI AN 8. ...

variation in chemical composition of 44-methylene-di(phenylisocyanate) and 1,4-

[NCQJ], in the range

butanediol on properties which had constant quantity of poly (ethylene ether carbonate)
diol. The properties such as rubbery plateau modulus, solvent resistance, melting point,
hardness, tensile strength were improve with result of increasing composition of 4,4'-

methylene-di(phenylisocyanate) and 1,4-butanediol concentration.

a8



Petrovic and Simendic (1985) studied about the effect of variation in chemical
composition of three polytetramethylene oxide diols of M,= 850, 1000 and 2000 on
mechanical, thermochemical and dynamicmechanical properties. It was shown that
maximum tensile strength obtained wlmn concentration of polytetramethylene diol was
mmaﬂxadmﬁummde1 explained by a specific interlocking

morphology. Thus, aiungmonmg mmmﬁn with polytetramethylene oxide

_Wa‘dlustenghm

No. 3,272,008) investigated the
‘polytrethane. This polyurethane
ic isocyanate in amounts providing
groups and incorporated resilient

W&Thamﬂftxrwm’-rﬁiﬁdg—q waraabu.tm%lnsu%by

¢ o W
verso i o) R 147 8 ol et cn
improved hydrocarbon oils and solvent resistance, jncreased abrasion resistance, and
mon b ot o s ol ok, ctan
hyﬁmmarbm rubber and urethane resin. The urethane polymer is produoed by reaction of
a diisocyanate with an intermediate polyhydroxy polymer having a viscosity at 30°C

about 5-20,000 poise number average molecular weight of about 400-25,000.



Sapp and Goodrich(US. Pal. No. 3,869,421) studied preparation of resilient
surface which is obtained by casting a mixture containing an oil-extended polyurethane
and a resilient aggregate. The compositions contained polyisocyanate, resilient rubber
particle, extender oil, carbon black, mineral filler and drying agent. The mixture was cast

mﬂoaaﬂmt&uuﬁnampid. resilient surface. The surface are

porous, non-skid, reslslmtom-ﬂa nm@awtninstﬂfwmﬂnum

athletic field, goifs tee house

granular rubber {slyrem—tytﬂem—ruhber or @nﬂ n.lhbar} to provide a roughened

IO TIYTTY- OTTEY Y- S—

layers of enmmjllad rubber particles and a layer of encapsulted polyurethane elastomer
partcled T lacahiel o Inodl it Yaek s febigelt cired track it

q
traction surface.
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