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1. Introduction

Polvurethane (PURY is the collective name Tor
an exiensive group of polvmers with very dif-
ferent compositions and correspondingly var-
ied properly profiles. All PURs are huilt on a
common principle: they are produced by the
polyaddition process [ 1, 2] of (poly ¥socyvanates
typically with (polylaleohols, The characteristic
chain link is the urethane group. In most cases
tworor more closely posinoned urethane groups
link poly{alkylene ether) andfor polyester se-
guences with molecular masses between ca. 200
and 6000 g/maol. Thus, the urethane group usu-
ally s omly present (o 8 minor extent.

PURs also include polymers produced from
polyisocyanates that have urea, isocvanurate,
or carhodiimide groups as their characteristic
structural unit. As a result of the increasing im-
portance of di- and polvamines and water as re-
actants. most of the industrially produced PURs
contain urea groups (including the isocyanu-
rales as cyelic urcas) as their main properly-
determining structural units.

A PUR 15 wvsually understood 1o be the
fully reacted finished product {e.g.. foams
and eoatings). These products are free from
monomeric socyanates, and unconsumed iso-
eyaniate groups, which may be present in small
armounls, are bound to the PUR matrix. In adhe-
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sives and paints, the isceyanate-containing pre-
cursors are often called “PUR adhesive,” “PUR
hardener,” or "PUR paint™ to indicate the field
of application of the end product produced from
them.

The dilsceyanate polvaddition process foc
synthesizing PURs is characterized by the fol-
leraving slalements:

1y A larse number ol different  reactants
(monamers and oligomers) are available.

)y Tois an exothermic reaction that can even take
place at room femperature. Mo byproducts
need b separated.

3} The reaction rate can be controlled over a wide
range by catalysts, and in some cases a spe-
eilic reaction can be accelerated by carcful
choice of the catalyst (e.g., tin compounds cal-
alyze the wrethane reaction, terliary amines
calalyre the isocyanale-waler reaction; sec
Section T.1.10.

41 Tntermediates (prepolymers) with reactive
end groups can be produced,

31 The stoichiometry influcnces the molecular
imass (see Section 5,220

&) Prodoction and composition can be adapted
o various process lechniques and extremely
diverse product requirements.

71 A laree number ol end products can be made.




Besides their unique properties, one of the
main advantages of PURS is that all types ol arti-
cles (foams, elastomers, thermosets) can be pro-
duced starting from liguid reactive components.
This has led to their greal industrial importance
(see Section 5.2.1 and Chap. 5.2.1 and 13),

PUR products include highly elastic foams
imattresses, cushions, car seats), ripid foams
{insulation materials); rigid and fexible mold-
ings with compact sking (window frames, hous-
ings, skis, damping units such as car shock ab-
sarbers, front- and rear-end body parts, steering
wheels, and shoe soles); engineenng moldings
with a high hardness and clasticity, ski boots,
films, hoses, blow-molded parts, noise shields
For trucks, seals for stoneware pipes, roller coal-
ings, sealants, grouling compounds, surfacings
for sport and play areas, off-road tres, windsart-
ing equipment, hyvdroeyelones, fenders, printing
roflers, cable sheathing, catheters, high-quality
paints, corrosion protection for sieel-reinforced
concrete, adhesives, textile coatings, high-gloss
paper coatings, leather finishes, poromerics,
olass fiber sizes, and wool finishing agents. The
number and range of applications are constantly
srowing. The production, properdies, technol-
ooy, and use of PURs are reviewed in [3—-13].

2. Basic Reactions (3.4, 8]

The addition reaction of an aleohal 1o an isocy-
anate to give an urethane (carbamarte) has been
known since 1349 (WurTtz):

5]

|
R—HN=€=0+ [—O0-R = EENH-E-O K

The extension of this reaction to di- and poly-
functional isocyanates and hydroxy compounds
by Orre Baver in 1937 led to the principle ol the
polyaddition reaction resulting in the formation
of Tinear, branched, or cross-linked polymers:
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In addition to alcohols, the most impor-
tant group of NCO-reactive compounds are the
amines, which lead to the formation of ureas:

0

1l
R=H=C=0+ RB'*—NH, = R=NH—C—KNH—R

Disubstituied wrea
[y s

I il
R'—HNH—1 ——= R=NI—C—N
w

R—N=C=0

Trsebsttide:d orea

Ureas are also Tormed by the reaction of wa-
ter with isocyanates, in which the carbamic acid
formed in the first step of the reaction sponia-
neously decomposes o an amine with elimina-
tion of carbon dioxide, This amine then reacts
wilh excess isocvanale o yield symmetrically
substituted ureas:

R—R=C=0 - H.A» = FR—HNH- CCOH

— R=NH, + G0

11
R—MW=E= — ' R—KH; — R—NH—C—NH—R
I nsbsitured ure

This reaction is the basic reaction leading to
PUR foams, especially Aexible foams,

Another process which leads o the formation
af carbon diexide is the reaction of isocyvanates
with organic acids. The reaction product formed
in this way is an amide:

0

1
R—N=C=0+ R'—COOH =~ R—NH—C—=R - €}

Aande

As the urethanes and ureas formed in the re-
action mentoned above sl contaim reactive hy-
drogen atoms they can react with excess isocy-
anate 1o form allophanates and hiurets, respec-
Lively,

O=0=N—IL—N=C=0"+ H-0=R-0-H + Os0=N—R—N=C=0 + H-0—1'-0-H

".Iil L 0
— L= C=NH=R~NH~C-0 R

| 1
O—C—MNH—R—NH-C—0—R——0—
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N
R-oW=0=0 0 R—NH—CO0R — L I
¥ R . R

| I d

+ R—MNH—C—NA—R ——~ H
ke

7 tH

P—NZC=0

e

These cross-linking reactions are impartant
in the production of PURs and play a key role
in the development of polymeric materials with
lailor-made properiies.

Apart Trom these polyaddition reactions, (he
following reactions involving bwo or mare iso-
eyanate groups are also important in PUR chem-
istry (catalyst in parentheses):

4]
I
<

R—N N-R

2 e = L
R (pheaphines) b

b

Uretclione

Ri, .G R
M H

3 R—N=C=0 i i
S
8]

fe Kopelale)

Laocyvanurae:

2 R—N=C=0 Tl e o i | R 6 TY
-:_pll-:m;:hlllnlf.'
oxide) Carbodiinide
I
i
0.8 R—M=C e=0
M
|
It

Lietaiimine

Due to the high reacavity of the isocyanate
group some Turther reactions are well known but

only of minor importance in the praduction of

PURs, Examples are the reactions of amides and
epoxides with isocyanates:

g
o R _,'CMRI
R—N=C=0 + R—Nl-LC—-F ——= i

O;_CH i

f
Acylurea

¥

P o) Roopo Lo
E—N=0=0 - T7 R
o -

Oreazobidune

The tremendous number of different possible
reactions notonly play arolein the production ol
the final PUR palvmers but also in the produc-
tion of modified polyisocvanates (see Section
3.1 used as raw malerials for PURs,

Usually the reactions described above pro-
ceed in parallel. For example, the production
of foams is based on the combination of the
NCOVROH reaction leading 1o urethanes and the
WNOCOVHO reaction leading to ureas and causing
foaming of the reaction mixture by the evolution
of carbon dioxide.

Othermethods for preparing PURs which are
usually notused inindustrial applications are the
polycondensation of bis-chloroformate esters
and diamines, and the reaction of palyamines
with carbonylbiscaprolactam [CEC) or polyey-
clocarbonates.

Thermally stable &-ulkyl FURs are formed
by the reaction of isocyanates with sceondary
diamines (e.g., piperazine). Since these products
are unable 1o form hydrogen bonds, their prop-
ertics are different from those ol conventional
PURs.

3. Starting Materials [3]

The range of PUR starting materials develaped
since the early 19505 is based on light petro-
leum fractions (cthylene, propene, naphtha), To
a minor part renevwable raw materials {(natural
products such as sugar, castor ail, ete.) are used
1416}, The suitability of natural Fatty acid es-
ters [17, 18], lignin [ 19, 20], polysaccharides
[ 19,21, 22], and chitin as raw materials has been
cxarmined for special applications,




3.1, Polvisocyanates
See also — lsocyanates, Oreanic

bore than 90 % of PURs are produced
from aromatic polyiscoyanates, Compared to
aliphatic and eyeloaliphatic polyisoeyanates, the
aromatic polyisccyanates show higher reactiv-
ies towards hydroxyl compounds and  give
PURs with betier mechanical properties,

The aliphatic and cycloaliphatic palyisocya-
nates are used 1o obtain PURS that do not be-
come discolored on exposure to light or heai.
This is particularly importand for coating ma-
terials (paints, varnishes, lexiile coatings, and
olass-fiber sizes). The stability of aliphatic or
cycloaliphatic polyisocyanates PURs can be jm-
proved by incorporating urea, biuret, or hy-
drazide groups into the polymer [23-25].

3.L1. Arvomatic Polyisocyranates

Aromatic polyisocyanates are primarily used for
a wide variety of PUR [oamed plastics, clas-
tomers, thermaoszets, and adhesives,

2 4-Toluenediisocyanate | 384-84-9] (TD1},
2 A-diisccyanatoteluene (1a), bp 121 °C (1.33
kPa), mp 21 8°C.

CH, CH;
#hT O f :-L:ux_b_,.-l_:;h_,_ HCC
Ilauc:f'" L

& ]

1u 1k

Usually the pure 24 isomer ar mixtures of
2.4-TDI (1a) with 2,6-TDI (1h) are used For in-
dustrial applications:

TDT 80 (80 % 2,4-TDI, 20 % 2,6-TDI), &p
1217 {1.33 kPa) mp 13.5°C, vapor pressure
{25°C) 3 Pa, equilibrium vapor concentration
30 ppm, MAK value 0.005 ppm (according (o
TRGS 9047,

TDI 63 (65 % 2.4-, 35 % 2,6-), bp 121°C
(1.33 kPa), mp 5°C.

[,3-Bis( 3-isocyanato-d-methylphenyl)-
2,4-di-oxo-1,3-diazetidine [26747-00-0]  (2)
{uretdione of 2.4-TDIL TDI-dimer; Desmodur
TT, Bayer MaterialScience), mp 153°C.
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G0N o NCO
& i
J 5 [ =
HO— N N—{ —CH,
i el o
1]
0
1

Uretdiones react as blocked isocyanates: the
Four-membered ring opens at elevated tempera-
ture 1o release the NOO groups.

“TDI-urea” |5206-52-0] (3) (TDIH, Bayer
MaterialScience) nyp 180184 C [26, 27

R oy i WCHh

= 0 e
[l 1 i
b e ]

? Lo} i
e T ey R ,_Q’__f"h. X
DM E H M0

E]

1,3.5-Tris{ 3-isocyanato-d-methylphenyl)-
24.6-trioxohexahydro-1,3.5-triazine |20649-
2l-a] 4 (TR -trimer), ca. 51 % in butyl acetate
(Desmodur 11, Bayver MaterialScience): NCO
content ca. 8 %, viscosity (207C) 2000 1 500

ml*a- s,

CHy
A, NCO
J
Ca M .0
i {l'
DU f_.._q:]# N,Ei,.. K Ml Qh_l___- HOO
- 0
e > S e,
A fudepbired )

Adduet of TDI and trimethylolpropane
[2 0024771 (5, 75 % solution in ethyl acetae
(Desmodur L, Bayer MaterialScicnce): NCO
content 13 £ 005 %, viscosity (20%C) 2000 -
SO0 mPa - 5.

JIN(.?U
0] .
[ A
MO~ CH T OH - D= C—NH—, . g,
Pe—

A3

&

KMonomerie MDI, 4.4 Methylene diphenyl
ditspeyanate [MN-68-8], 44 -methylene-
bisiphenyl isocyanate}, bis(4-isoccyanatophen-
yhmethane, 4.4 -diisocyanatodiphenylmethane
(6a), Monomer-MDIL, bp 208°C (1 kPa), mp




5] Folyurethanes

30 550, vapor pressure (25 °C) < 1 mPa, equi-
librium vapor concentration G009 ppom, MAK
value 0005 ppm (according to TRGS 900}

- Qﬁ] e T NCD
| e
acN” -y i MO e ~|-u "“xl ‘“w-ml
g S
fin RN ¥ cEss
il

60 G 2.4 -MDI (6a), 40 % 4.4-MDI (6h)
{Desmodur 1806, Bayer MalerialScience), myp
[E=17 21

Polymeric MDIs (PMDIs) [20/6-87-9] (T}
typically contain 30-70 % dinuclear compo-
nents (n=0% 14— % trinuclear components
(n=1}and 15-30 % higher nuclear components
{n = 1), viscosity 50-20000 mPa- s, NCCO con-
tent 25-33 9.

el HI"\_--"'":H .-"":* R

: e :
NCO RO MO0

Urethanized 4.4°-MDI [60440-22-4 |
{ Desmodur PF, Bayer MalerialScience) myp 10—
15°C.

Carbodiimidized 4.4'-MD] [37353-55-2],
mp 10-155C (Desmodur CD, Bayer Material-
Science; for carbodinmidization, see Chap. 2.

1,5-Naphthalene diisocyanate (NDT)
[3173-72-6]. | A-diisccyanatenaphthalene (8),
mp 127°C (Desmodur 15, Bayer Material-
Science),
S0

Tris(4-isocyanatophenyl)methane [2422-
-3 (9, (Desmodur B, Baver Malerial-
Science), 20 % solution in ethyl acetale, NCO
content 7000 %, viscosily {20°C) ca. |
mPa - s,

(5ol B

Aromatic isocyanales with the NCO group
in the bengylic position behave similarly 1o the
{eyelo-Jaliphatic isccyanates with regard fo re-
activity and lizht stability:

1,3-Bis( L-isocyanato-1-methylethylibenze-
ne [2778-42-9] (10}, m-tetramethyxylylene di-
isooyanate (TMXDIL American Cyanamid) [28,
29], mp—10°C, hp 130°C (49,5 kPa).

CH; i,
m-"Nm.-'J""'-..-:'?-""-- -f"".._ ]
1 CH
LC '-?:;:__,-J 1
T

3.1.2. Aliphatic Polyisocyanates

Aliphatic and cycloaliphatic polyisocyanates are
used to obtain light-stable PURs, This is par
ticularly important for coating materials {paints,
varnishes, texiile coatings, and glass-fiber sizes),

Hexamethylene diisocyanate (HDI} [822-
fa-01], La-diisocyanatohexane (117 (Desmaodur
H, Bayer MaerialScience), bp 127°C (133
kFPa).

OUN-CHf-NCO

11

Bioret hased on HDL, M-isocyanatohexylami-
nocarbony -N AN -bis-(isocyvanatohexyl)  urea
[28182-81-21 (12}, hiurel triisocyanate {techni-
cal mixture), ca, 75 % solution in methoxypro-
pyvl acetaredxylene (1/1) (Desmodur N75, Bayer
MaterialScience), NCO content 16-17 %, vis-
cosity (20%C) 250 = 100 m*a- s

N
1l
aen-fon [ wH oo

07T NHCHy NGO

12 gikenlized s




Trimer based en HDI, 2.4 6-1rioxe-1,3.5-
tris{B-isocyanatohexyhexahydro- 1,3 5-
trigzine [28182-81-2] (A3, trimeric hexane di-
isocvanate, ca, 90 % solution in bulyl acetate
(Desmodur N33%0, Bayer MaterialScience),
viscosity (23 °C) 2500 = 500 mPa- 5, NCOcon-
tenl 21.5 9%, monomer content < 005 %,

4]
1

o] il
OCN--CH NN ol
&

F RO

S

0 II\ 0
CHAND

13 (idenliaxd)

Unsymmetrical trimer based on HDI,
2 A-dioxo-3,5-bis(6-isocyanatohexy [)-6-(6-
isocyanatohexyDhexahydro- [-oxa-3 5-diazine
[28182-81-2] (14), unsymmelrical trimeric hex-
ane dilsocvanate [30] (Desmodur XP2410,
Bayer MuterialScience), viscosity (23°C) ca.
700 mPa s, NCO content ¢a. 24 %, monomer
content <2(.3 %,

|
i

i? MH-CHa - HCQ
e it
[]f.‘N-I—{‘EE--IT-N’ Nzi-| CHy=NCO
14 (Edealized)

Isophorone diisocyanate (IPDH) [4095-7 -
9], 3,55, -trimethyl- |-isoeyanato-3-isocyanalo-
methyleyelohexane (15} (IPDI, VEBA), bp
158 °C (1.33 kPa), T % cis, 30 9% trans [31,
32, For reactivily, see [33].

HCCH,

Uch"k 1

o

-~

i - L

15

Uretdione of IPDM (Crelan TRLS  2147)
[34), mp 105-113°2C, ca. 15.4 % NCO.

Trimer based on IPD1, 2 4.6-rioxe-1,3,5-
tris{ S-isocyanato-1,3 3-trimethyleyeclohex-
ylmethyhexahydro-1,3 5-triazine [ 33850-05-
], ea. 70 % solution in xylene/methoxypropyl
acetate (11 (Desmodur 24470, Baver Material-
Science), soflening range 90-1 107 C, NCO con-
tent 17 %, menomer content <2 (1.5 %,

Folyurathanes 7

1,1-Methylenebis{4-izocyanatocyclohexa-
nel, H12Z-MDI [ 5724-30-7], 4.4 -diisocyanalo-
digyelohexylmethane (16), irans trans-4,4°-di-
isocvanatodicyclohexylmethane, wmp 83 *C [35].
Technical isomer mixtore {24 9 civeds, 43 %
eiv s, 20% frans trans, 13 % 24 and 2.2 iso-
mers): mp 15 °C (Desmodur W, Bayer Material-
Selence)

g
ooy R a4
i

The short chain polyols usually have OH
numbers of 200 me KOH e or more, lunctional-
ities of up o 6, and melecular weights of 1000
afmol or less (Table 2.

3.1.3 Blocked lsocyanates [36-39)

Polyisocyanates o prepalymers  containing
WO sroups are nof stable on slorage in the pres-
ence ol atmospheric humidity orcompounds that
contain reactive hydrogen atoms,

Reaction of the NCO groups with certain
organic compounds that have acidic hydro-
sen atoms such as phenol, cresol, nonylphe-
nal, caprolacltam, and methyl ethyl ketoxime
leads to “blocked isocvanates,” which are sta-
ble (storahle) al room lemperature and labile
at elevated temperatures, These adducts are in-
erl to polyols at room temperature and can be
mixed with them in one-pack systems. At higher
temperatures, usually at 140-180°C the block-
ing agenl is released, and the free isocvanate
reacts as usual with the NCObreactive compo-
nenls. Due 1o their thermal lability, uretdicnes
and uretonimines also behave like blocked iso-
cyanates,

For the physical blocking of solid polyisocy-
anates by a diffusion barrier layer, see Scction
54,

3.2, Polyols

Palyols are the largest croup ol PUR starting
materials, The wide range of properties of the
resulting PURs is largely determined by the
chemical composition and malecular mass of
the palyols, The largest group ol polyels used
{or PURS 15 the group ofpolyethers. The voluome
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of polyesters is much smaller, but they neverthe-
less have become more important, especially for
flame-retarded rigid foams (see Section 7.3.4).

3.2.1. Polyether Polyols
See also — Polyoxyalkylenes

Polyethers (polyether polyols) with terminal
hydroxyl groups are produced by addition of
cyclic ethers, especially propylene oxide (PO,
R'=CHz) and ethylene oxide (EO, R'=H), o
poly lunclional “starter” molecules,

N i

s I
R—OH + 57  ——+ B—0|CH-CH 0
. n

Usually, the EC and PO units can be struc-
tured as homo blocks, produced by balchwise
addition of EO and PO 1o the starter molecule,
or as mixed blocks by feeding an EQYPO mixture
to the starter, The combination PO block-mixed
block-EO block is commuoin,

The structure determines the reactivity, the
hvdrophobic-hydrophilic properties, the surface
activity, and conscquently the foaming behay-
ior of the polyethers. Polyols with terminal EO
units contain primary hydroxyl groups and con-
sequently have a higher reactivity than polyols
with the secondary hydroxy ! groups of terminat-
ing P} units,

The following starters are Lypically used in-
dostrially: cthylene glycel (EG), 1,2-propanc-

Takele 1, Progerties of long-chain pelyeibes polyals

diol (PG, bisphenol A (BPA), Trimethylolpro-
pane (TMP), glycerol (GLY?), pentaerythri-
tol, sorbitol, sucrose, water, ethylenediamine
{EDAY, and diaminotoluene {TDA). Monolunc-
Lional polyethers are usually started with 1-bu-
tanol,

Depending on their structure, lwo groups
of polyethers can be distinguished: long-chain
polyols, mainly used for flexible foams, and
shart-chain polyols, mainly used for rigid foams.

The long-chain polyols typically have hy-
drosyl numbers helow 10 mg KOH/g and fune-
tionalities of 2 to 3, which corresponds to molee-
ular weights of 2000 g/mal or more, The prop-
crties of some long-chain polyols are given in
Table |,

Polyethers  produced  from trifunctional
starters and bifunctional oyclic ethers (e,
epoxy resins) are highly branched and, to some
extent, intramaolecularly cross-linked [440], Spe-
clal polyethers contain, for example, qualernary
ammenium or sulfonate groups (41, 42].

An imporiant special polyether is polytetr-
hydrofuran [43], which is deseribed in detail
elsewhere (— Polyoxyalkylenes), It is used
mainly for the production of high-grade clas-
tomers Tor the engineering ficld and is liquid
aborve 40°C |44, 45],

A newer process, known as the IMPACT pro-
cess, uses double metal eyanides (DM as cata-
Tysts for the production of especially long chain
polyether polyols [46-48] that show improved
prapertics compared Lo polyols produced by the
classical KOH process. During the addition of

Srarier Alkylene oxide Funetiomaliny M, gl O oo, mg KOHg  Viseasity (25705
mkn - s
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propylene oxide to the starter malecule, base-
catalyzed isomerization of propylene oxide o
allvlic alcohol, which itself’ can act as starter
molecule, leads o a mono-ol containing a dou-
ble bond. These side products lower the average
functionality of the polyols and reduce, for ex-
ample, their statility against oxidation. The [M-
PACT process leads to polyols with extremely
tow mono-ol contents and therefore u low level
of unsaturation and results in polyols with func-
tonalities very close W the theoretical number.
The IMPACT polycls have become more and
more imporlant, especially in the production of
Hexible foams.

Products hased on polyethers have pood
loww-lemperature behavior and usually high hy-
drolytic stabilicy, The viscosity of the liguid
polyethers is relatively low (4015000 mPa - 5).
A disadvaniage of polyether polyols is that they
undergo thermooxidative degradation on expo-
sure to heat and atmospheric oxyeen; UV ra-
diation is mainly responsible for light-induced
degradation changes, Both antioxidants  and
UV stabilizers counteract this degradation. 1n
some spectal applications polyether polvols con-
taining hydrazide or urea groups, both of which
have a stabilizing effect, are used to avoid ther-
mooxidative degradation.

Polyether dispersions {two-phase sysieims
with a solid polymer as the disperse phase) are
a l[urther group of polyethers. Mainly styrenc-
acrylonitrile polymers (SAN polyvols), polyurea,
or poly{hydrazodicarbonamide) polymers (FHD
polyols) are used as fillers. The dispersions are
milky white, of higher viscosity than the corre.
sponding base polvols, and completely stable to
sedimentation, The average particle diameter is
ca. | pm,

3.2.2. Polyester Polvols

Compared with polyvethers, polyvesters with ter
minal hydroxyl groups show outstanding resis-
tance (o light and thermal aging. PURs pro-
duced from them are therefore primarily used
For paints, coating materials, and, doe to their
thermal stability, lor lame-retarded rigid foams.
Special types are suitable for high-grade PUR
clastomers [49, 50,

Palyesters are produced by palveondensa-
tion of di- and irifunctional polyels with dicar-
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boxylic acids or their anhydrides, Palyols com-
monly vsed are cthylene glyeel, 12-propane-
dial, 1 A-butanedicl, 1.6-hexanediol. neopentyl
alyeal, diethylene glyeol, glyeerol, and trimeth-
vlolpropane. Common dicarboxy lic acids or an-
hydrides are succinic acid, glutaric acid, adipic
acid, phthalic anhydride, isophthalic acid, and
terephthalic acid.

The hydrolytic stability o a polyester ure-
thane is determined by the constitution of the
polyester. Polyesters synthesized {tom glyeols
and dicarboxylic acids that each contain at least
five carbon atoms have pood hydrelytic stability.
This is because the increase in hydrophobicily of
the polyester sepments repels modsture [49, 50],
The best results have been obtained with poly-
eslers derived from 1 6-hexanediol and adipic
acicl,

Commoen polyesters based on adipic acid
and ethylene glveal or ethylene glveal/l,d-
butanediol provide inexpensive PUR elastomers
of excellent quality. Their hvdrolytic stability
15 lovaer than that of the polyesters mentioned
above and can be considerably improved by ap-
proprizie stabilizers (see Section 3.5).

Polvesters have a wide molecular mass dis-
tribution and, compared with polyethers, a high
viscosily; many are glassy solids (polvphtha-
lates) or crystalline (polvadipates). Polvesters
containing diethylene plyveol are ether esters;
their viscositics are relatively low and their sta-
bility to hydrolysis and UV radiation is moder-
ate. The average molecular mass of polyesiers is
SO4000 gfmol, For properties, see Table 3.

The polyesiers always conlain significant
proportions of the monomeric glyeol used in
their synthesis, as well as short-chain oligomers
and often nonfunctional cyclic esters. These sub-
stances can be remeved for a limited time by
thin-lilm distillation, but they are sradually re-
formed by ransesterification.

3.2.5, Polycarbonate Polyols

Aliphatic carbonale esters (— Polvearbonales)
are produced by transesterification of dimethy
carbomate (D) or diphenyl carbonate (DPC)
with glveols {e.z., |,6-hexanediol).

MWany investigations havi been carried out on
the production of polycarbonate by copolymer-
ization of alkylene oxides with carbon dioxide
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Table 3. Properics of polyeser polyals

Aead Gilyeol Functionality o, O, g KOHSe - Viscosity, mPa s
Adipic acid cihylene glyesl 2 20K Sl SOk B00 AT
Aulipic soid dicthylene glyeal/TMP 2.5 TH & SO T (TR
Phthalic anhydridédipne etylenc glycol 2 1750 G 20— 3200 7570
acid
Phthalic anbydridiadipae  diethelene plyeal 2 60 i G300 7600 (257 C)
achd

diefrviene plyeol 2 BRI 28 TFO0 =TI ERC)

Tereplilialic acid

[51-55], but this reaction is not used on an in-
dustrial scale as yet,

Polyaddition of caprofactone or pivalolac
tone to low molecular mass diols yields hydroxy-
functional polylactones,

As the susceplibility of polyesters to hydro-
Iysis increases with increasing dissociation con-
stant of the acid on which they are based, the
polycarbonates are highly stable against hydro-
lysis. In particular, polyester urethanes based
on |.6-hexanediol polvcarbonate show an un-
matched resistance to hydrolysis.

3.2.4. Other Polyols

Oiher oligomers and polymers with functional
groups {OH, SH, COOH, NHR) ¢an also be used
for PUR synthesis {e.g., polythioethers, polyac-
clals, polvester amides, alkyd resing, and poly-
siloxanes).

Hydroxy-functional — poly(1,3-butadienes)
contain the hydroayl function mainly m the
lerminal position as a resull of polymeriza-
tion with hydrogen peroxide. These compounds
vield PURs with moderate mechanical proper-
ties but extremely high hydrolytic stability and
good low-temperature behavior, Bifunctional
poly( 1 3-butadienes) can also be obtained by
anionic polymerization.

Hydroxyl-bearing  polyacrylates  based
on 2-hydroxvethyl aceylale o methacrylate
menemers are used in the production of high-
qualily, two-component paints [56] (see also —
Faints and Coptings, Chap. 2.9).

Low molecular mass polyols, in contrast o
the higher maolecular mass polyals mentioned
above (Scction 3.2.1), are used as chamn ex-
tenders. [n the production of PUR elastomers
they are generally used in the synthesis of the
“hard” segment (see Section 3.2.1 and 4.2}
Important representatives are ethylene glyeol,

| 4-butanediol, 1,6-hexanediol, and 1,4-bis{hy-
droxyethoxy)benzene,

Trimethylolpropane or glycerel is added o
intrachuce a defined small degree of branching.

3.3, Diamines and Amino-Terminated
Polyethers

Diamines are vsed as building blocks for PURs
that contain urea groups. Due te theie high reac-
tivity the polyaddition is very fast even without a
catalyst, leading to polymers with considerably
improved properties compared with “standard”
PLUIRs,

For polyvaddition in bulk, sterically hin-
dered  diamines (cg., isomeric  disminodi-
ethylmethylbenzenes 17 [571) ar other aromatic
diamines with mono- or dialkyl ring substituents
[58-61] are preferred.

CHy CH;

e, My oML _cobe . NH,

[ |

P i
MG g, HC™ ™~ Gl
HH,
17n 17h

These amines are liguid al room tempera-
ture and therefore suitable for processing in two-
camponent devices (see Section H.2).

Less  reactive diamines  with  electron-
withdrawing substituents are used For produc-
ing elastomers by the prepolymer process {see
Section 5.2.2); examples include bis{4-aming-
J-chlorophenylimethane [107-14-41 (MBOCA)
and  Z-methylpropyl-4-chloro-3,5-diaminaben-
zoate | 3296 f-44-7] [62-64]. For the toxicelog-
ical and adverse health elfects of MBOCA, see
[63].

Amino-terminated polyethers (ATPE} are ob-
tained primarily from the appropriate polyether




polyols (sce Section 3.2.1) by exchanging the
lwdroxyl groups with ammeoenia [66—68] or pri-
mary amines [69]. Aminopropoxy end groups
are obtained by evanoethylation of palyals fol-

lowed by hydrogenation. The high reactivity of

the aming groups can be reduced by using their
adducts with carbon dioxide (carbonates, carb-
amates). During the poelyaddition reaction the
carbon dioxide is released and acts as a hlowing
agent.

Various processes have been proposed for
producing ATPEs with aromalic amine end
oroups  |TO]. For example, NCO  prepoly-
mers can be hydrolyzed to give the corre
sponding amino-terminated prepolymers [71].
Other methods include the preparation of N-
substituted crotonic acid esters by acetoacely-
lation of polyols followed by amination [72, 73]
and nitrophenylation followed by hydrogenation
| Td-T6].

The adducts of (cyclo-Jaliphatic di- and
polyamines with ketones are bis- and polyvke-
tmines, respectively. They function as capped
amines, with which they are in equilibrium in
the presence of water (see Section 3.1.3). In the
tautomeric enamine form, they also react with
MCC groups to form urea and amides. Combi-
nations of ketimines and isocyanates are thus
both meisture- and heat-curing [77-T9].

Polyether  ketimines  based on aliphatic
polyether amines have arather low reactivity and
therelore a very good processability [B0-33].

3.4. Special Building Blocks

Aqueous PUR-ionomer  dispersions are syn-
thesized from diols or diamines that contain
ionic groups or groups that can be converled 1o
iomic groups by alkylation or neutralization with
compounds such as V-methyldiethanolaming,
2-(N N -diethylaminomethyl)-2-ethyl- 1 3-pro-
panediol, and  dimethylolpropionic acid, as
well as salts of Z-sulio- | 4-butanediol, N-
sulfoethylethylenediamine, N-carboxvethyleth-
ylenediaming, Iysine, and glycerol 2-phosphate
[84, #5],

Hydroxy-functional — polyisobutylene 36,
871, siliconediamines [88-900, and chlorosul-
fonated polyolefins [91] can be ysed as oligomer
building blocks leading to segmented PUR poly-
TTHET.
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Orther special polyals can be obtained by gly-
calyvtic degradation of palviner waste [92-04)
{see Section 14.3).

3.5, Catalysts and Additives

Catalysts. In order to balance the two main
reactions, the isocyanate-waler reaction {blow-
ing reaction) and the isocyanate-polyol reaction
{gel reaction), various catalysts are used. The re-
actions of the isocyanate group are extracrdinar-
ily sensilive 1o many different kinds of catalysis:

[y Lewis hases: | d-diazabicyclo[2.2.2]octane
[280-57-9] (DABCLY), triethvlamine |f2/-
dd-8),  dimethylbenzylamine  [/03-83-3],
bis[2-(dimethylaminoiethyl]  ether | 3033
62-31, 11,3 3 tetramethylguanidine  [80-
A0-6],  18-diazabicyclo[5.4.0lundec-T-cne
[G674-22-2] (DB, 24-bis(dimethylami-
nomethyliphenol [5424-54-4]

21 Lewis acids: bis(ethylhexanoyloxyjtin [300-
fo-0] (in diectancate),  bis{dodecanoyl-
oxyidibutyltin [F7-38-7] (dibutylun dilau-
rale), dichlorodimethyltin |753-73-1]

3) Insertion catalysts: bisidodecylihio)dibutyl-
tin, organotin alkoxides, orsanctin oxides,
prganotio thiclaes, arganotin sulfides, 1,3-di-
carbony| compounds

Almost every catalvst has a specilic “activily
profile™ [13, 95-09], The simation is exoraor-
dinarily complex, especially since the urcthane
orpup itsellexerts acatalylic effect. As hydrogen
bonds and the nature of solvents used in the re-
action influence the reaction rates, most kinetic
studies in solvents are not applicable to solvent-
[ree PUR production | 100]. Duee w the desire o
reduce cmanations from PUR foams less volatile
or reactive catalysts have been developed [ 101,
1062],

betal catalysts aclivate the isocvanale groups
by making them more electrophilic, while hases
make the hydroxyl groups more nucleophilic
[ 14§31,

Alkali metal salts of organic acids and phe-
nels, as well as phenol Mannich bases cal-
alvre not only the urethane reaction but alsa the
rimerization of the isocyanate group, NCO pre-
polymers trimerize more rapidly than the corre-
sponding diisocyanates because of the presence
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of urethane groups which act as cocatalysts (see
Section 4.4,

Phosphines are special  catalysts  which
dimerize the NCO group; phospholine oxides
cause carbodiimidization.

Additives (see also — Plastics, Additives).

Foam Stabilizers.  Besides the chemical
structure and malecular weight of the polyols
and isocyanates, cell size and fraction of open
cells can be controlled toa cerlain extent by sur-
Factants or foam stabilizers [104]. Tn some cases,
Foam formation is virtually impossible without
these surfoce-active compounds, The majority
of foam stabilizers are polysiloxane-polyether
block copolymers [105-108]. Specific wypes,
e.i., for liquid CO- as blowing agent [109], for
Mame-retarded foams [110], or for other specific
foam types are available as well [T, 112],

Hyerolysis Stabilizers [113-116]. Mono-
carbodiimides, polyearbodiimides, epoxides,
eyanutes, phenyliminpoxazolidines,

Oidation Srabilizers [ 113-115], [117-112],

These additives ave used in foamed materials,
especially in flexible foams, to prevent core
scorching, They include sterically hindered phe-
nols, alkylated anilines, phosphites, hydrazides,
sulfides, and thicethers.

LV Stabilizers [113-115, 117-11%]. Pipe-
ridines with bulky substituents in the 2.6-
positions,  henzophenones,  benzotriazales,
cyanoacetate cster derivatives, quenchers, Tinu-
ving (Ciba-Geigy),

Blowing Agents (see also — Foamed Plas.
ties, Chap. 2.2). According to the implementa-
tion of the Monireal Protocol (and the consecu-
tive amendments) blowing agents with an oaone-
depleting potential are no longer used as blowing
agents for Aexible foam by the member states
since 1992, Several alternatives have been de-
veloped |1 20-127].

For flexible [bams the predominant technol-
oy meanwhile is the addition of liquid or super-
eritical carbon dioxide (e.g., Novaflex by Hen-
necke, Cardio by Cannon). Another method is
the application of varicd ambient pressure, e.g.,
MegaFoam by Hennecke or ¥PF by Beamcch
(see Section 7.1, 1.2 and depending on regula-
tions of the local anthorities, Mowing agents like
dichloramethane or acetone may be applied as
well,

For rigid foams nowadays usually alkanes,
namely, n-pentane, isopentane, and cyclopen-
tane are used (see Section 7.3.10.

Flame Retardants {see alse — Plastics,
Addivives, Chap, 6). Various classes of chem-
icals are used to modify the combustion he-
havior of PUR fexible foams |128] The se-
lection of the appropriate flame retardant de-
pends an the fest that must be passed, as well
as the chemistry of the foam (e.g., polyesier
vs polyether, HR vs, conventional Toam). Mest
commeon are phosphorus- andfor nitrogen-con-
taining compounds and halogenated phosphates
such as tris(2-chloropropyl) phosphate (TCPP).
As in the case of calalysis, less volatile or re-
active flame-retardants have been developed in
arder to reduce the emissions of valatile organic
compounds (YOCs) from the finished foam.
The liguid flame retardants may be combined
with solid ones such as melamine and ammoni-
um polyphosphate, Brominated diphenyl ethers,
which have been wsed for some special foam
grades or in some regional markels, will be
phased out due 1o concerns regarding their po-
tential [or bivaccomulation.

For rigid foams halogenated  compounds
such as TCPE, palvesters based on tetrabromo-
phihalic acid, and special bromopolyethers are
usually used, The use of polyisocyanurate rigid
Foams (sce Scclion 7.3.4), which exhibit a su-
perior flame behavior compared 10 PUR rigid
Foams, has increased, This has led 1o a reduction
i flame retardant consumplion.

Aluminum oxide tribydrate, magnesium hy-
dromide, and expandable graphite are also used
as flame-retardants, The first two act by splitting
aff water vapor and the latter acts by forming
protective layers,

4. Structure and Morphology

Depending on their structure, PURs cover a
broad range of properties. Besides the chemical
compaosition, the chain length, and cross-linking,
the properties are signilicantly affected by the in-
teractions between the polymer chains (see Fig.
171, that 15 to say by the supramalecular struclure
and morphology.
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Figure 1. Hydrogen bond interactions between polymer
chaing of & PUR based on HDT and 14-butanediol

4.1. Polyurethanes Withoutl Segmented
Structure

The properties of linear PURs, which are pro-
duced by polvaddition of monomeric diisocya-
nates and short- or long-chain diols. are similar
to those of polyamides,

Short-Chain Polyols. The polyaddition of
hexamethylene disocyanale (HDI1) and 14
butanediol leads toa very tough, crystalline ma-
terial (mp 180—185 “C), which is used [ manu-
facturing of fibers and bristles. The polyaddition
ol teluene diisocyanate (TDI) and butanediol or
diethylene glyeol yvields very hard, lransparent
products with low heat resistance.

Long-Chain Polyols. Lincar PURS based on
diisocvanates (preferably MDI} and long-chain
polyester or polyvether dioks are sofl, rubbery,
high molecular mass pelymers with only a
small proportion of urethane groups, There-
fore, these materials are homogeneous (single
phase), and the intermolecular physical inter-
actions are mainly determined by the polvester
and polyether sezments (van der Waals forces
[129]

With increasing stiffness of the polyol chain
(e.g., highly crystalline polyesters), and decreas-
ing chain length, the resulting PUR becomes
havder and Jess elastic,

4.2. Polyurethanes with Segmented
Structure

T obtain PUR clastomers with superior prop-
erties, the polvaddition reaction mixture usually
contains three components, namely, o ditsoeya-
nate, a long-chain polyether or polvester polyal,
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and a short-chain diol (chain extender). The re-
sulting block copolymer Lype PURs are charac-
terized by a segmented structure.

The secondary and tertiary stroctures, and as
d consequence, the morphology of these PURS,
depend on the chemical structure and the block
length of the different segments. Due o the two-
or multi-phase morphology, segmented PLIRs
can exhibit extraordinary high-grade propertics.

4.2.1. Hard and Soft Segments [12, 130-135]

The reaction of one equivalent of long-chain
diol, one equivalent of shart-chain dial, and peo
equivalents of ditsocyanate leads tothe idealized
structure shown in Figure 2.

The long-chain polvols, which are Pexible
and are wsually tangled (soll segments), alter-
nate along the polymer chain with oligomeric
rigidd urethane units Chard segments).

Ry . e . TEFaRaSuY o B . NaRaTaNRE o B . Fa iy
= gl -+ e
sgeme] [zepment

R N N |l.1|'l|".-l;i12k"-'| hl
— = zhart-chain dic!
= = diisccyanote

® < yrcthane groug

Figure 2. Schematie prissy struciore of a segmented PUR
(idealized)

Ulsually the structure of the PUR as well asthe
structure of the solt scgment itself is determined
by a Flory distribution [136, 137]. This results in
a smaller number of larger hard segments than
expected in theory. If polyester palyols are used,
the low molecular slycols, which are usually
present in considerable amounts, even enhance
this effect, Further effects leading to deviations
from theory include kinetic effects (ifend groups
with different reactivity are vsed) and phase tran-
sitions due to temperature changes during the
polyaddition reaction.

4.2.2, Segregation and M orphology

O cooling, the initially homogeneous PUR melt
converls looa lwo-phase system. This is due
Lo the incompatibility of the polar low-molec-
ular glveols with the low-polarity polyether or
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Tigure 3, 4) Tertiary siructure of a linear segmented PUR with polydisperse soft sepmentz and uniform (monodisperse) hard

segments: B Cylindvical model of a bard domain

polyester polyols and polyisocyanates. As the
reaction progresses, the formation of polar ure-
thane groups at the ends of the long-chain poly-
pls leads toacertain degree of compatibilization.
Nevertheless, the low miscibility of the hard and
soft segments leads to segregation, which re-
sults in covalently bonded micrephases in which
paracrystalline oligourethane domains appear
{lertiary structure, Fig. 33 On Turther cooling,
these can ageregale and grow to farm spherulitic
microcrysiallites fquaternary siructure ).

The hard segment domains form three-
dimensional cross-linking centers of a noncova-
lent type (physical cross-linking . The formation
ol a large number of weak hydrogen bonds re-
sults in a high bonding strength, but allows shifts
and rearrangements under load, where a covalent
band would rupture. As the hard segments are
covalently bonded to the soft segments, Dowabil-
ity of the chains is restricted. This gives the seg-
mented PURs their high elasticily. The hard seg-
mients are responsible Tor tensile strength, tear
resistance, hardness, permanent clongaticn, and
compression set, while the soll segments deter-

mine the elastic expansion and the glass transi-
ten temperature,

The interaction between different hard seg-
ment demains is mainly determined by the sym-
metry of the isocyanates and the nature of the
chain extenders, which influence the possibility
lo farm highly organieed structures,

Maost commercially produced PURS contain
uréa groups, which often determine the prop-
erty prafile more strongly than the compara-
tivily small content of urcthane groups, Since
the urea group is more polar than the urethane
group, the segregation of hard and solt segments
is strengthened, the melling range of the hard-
segment domains is higher, and the intermo-
lecular (interchain} interaction stronger [138],
Due 1o these strong inleractions, a single urca
group shows hard-segment character. These in-
leractions also explain the superior mechanical
properties of polyureas and their low thermo-
plasticity.

The balance  between  these hard  seg-
menthard segment interactions and the nter-
actions between hard segments and soll seg-
ments determine the degree of segregation, Due
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Figure 4, Mechanizsm of base-catalvecd isocyanate tomericativn

to decreasing polarity, segregation increases
from polyesters o polyethers to polvbutadiene
polyethers.

In the soft segments, strain-induced crystal-
lization can be initiated by siretching or disen-
tanglement, This strain-induced crystallization
explains the high hysteresis of typical PUR elas-
tomers [ 139, 140]. The mechanical properties of
seemented PUR depend on the melting temper-
ature of the crvstalline domains.

Products based on 1,5-naphthalene dilsocya-
nate (ND1} are noe longer thermoplastic because
the melting temperature of the hard segments
15 oo high, They are usually produced with
a small excess of isocyanate as casting elas-
tomers (see Seclion 8.1 These products have
extremely good mechanical properties: high tear
strength, high abrasion resistance, high elastic-
ily at high hardness, low damping, high load-
bearing capacity, and excellent long-term dy-
namic endurance (load-hearing properiy) [ 135].

High-quality PUR thermoplastic elastomers
are produced primarily from MDL The melt-
ing temperature and the solubility of these seg-
mented thermoplastic PURs can be influcnced
by modilying the chemical composition, espe-
cially aof the hard segments, Use of o second
shorti-chain diol lowers and widens the melt-

ing temperature range, and solubility is also im-
proved,

As the properties ol segmented PUR arc
highly determined by the phase segregation and
the crystallinity of the domains, numerous pro-
duction parameters [ 130, 131, 141-143] have
tremendeus influence on the behavior of ther-
moplastic PUR materials: Even thermoplastic
PUR with menodisperse {uniform-lengih} N-
alkylurethane hard segments, which are inca-
pable of hvdrogen bond formation show dif-
fering morphology and properties depending on
their thermal pretreatment [144].

4.3, Cross-linking of Polyurethane

PUR flexible and rigid foams, cast clastomers,
and most reactive systems are wsually cross-
linked, Even if these cross-linked PURS are not
thermoplastic, the melting of the hard-segment
domains is still observable, e.g., by softening
{iecrease in shear modulus) al elevated lemper-
alures. With increasing cross-linking, the glass
Iransition temperature increases, whereas the
endency werystallize decreases.

[1 the cross-linking is not caused by subse-
quent reactions (Tormation of allophanate or hi-
ured). but introduced by the use of highly func-
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tonal raw materials, then the formation of segre-
gated domains can be disturbed due to the rapid
formation of a highly cross-linked PUR network,
fixing the polymer chains or at least reducing
their flexibility, Tn this case, even heating to cl-
evaled wemperatures does not improve the mate-
rial properties, as domain formation is not pos-
sible {e.g., in flexible foams).

4.4. Polyisocyanurates [1435]

The general term PURs also covers products
that contain cyclic urea struclures {isocyanu-
ratesy, which are formed by cyclotrimerization
of isocyanate groups. The mechanism of isocya-
nurale [ormation is not completely understoond.
The most probable mechanizm of hase catalyred
trimerization | 146] is shown in Figure 4.

Addition of the catalvst 11 1o the carbon-
nitrogen double bond leads to an urethane anion
I, which by subsequent addition of twa more
isocyanate molecules Tis iransformed via [V 1o
the adduet V. This adduct collapses into the sia-
ble isocvanurate V1 and regenerates the catalyst
1.

The isocyvanurates exhibit improved mechan-
ical properties such as compression strength and
dimensional stahility and gencrally show supe-
rior firg retardancy [147], These advantages have
led to the increasing importance of isocyanu-
rales, especially since the blowing agent for rigid
foams was switched from CFC o pentlane (see
Section 7.3.4).

5. Production of Polyurethanes
5.1. Stoichiometry

lsocvanates (RNCOY are specified by their per-
centage NCO content and in some cases alsa by
their equivalent mass (molecular mass of NCO
maoiety/functionality ), Functionalily means the
number of isocyanate groups per molecule,

Equivalent mass
_molecular mags of RNCO 43
- e

; - 100 (1
functicnalicy

Palyols are specified by their hydroxyl num-
ber (OH no.) and sometimes also by their per-
centage OH content or their equivalent mass.
The OH no. is given in me KOH g, owing Lo the
method used lor analyzing the OH groups: they
are usually treated with acetic anhydride and,
alter hydralysis with water, the excess acelic
anhydride is titrated with potassium hydroxide.
This means that a polyol containing 1 mmol OH
aroups per gram has an OH no, of 56 mg KOH/ g,

341000

OH o, =F0H « et = 33 i
T o @

B 1000
Suivalent mass= ——— 1)
R Oll no. ¢

Witer, acidy {acid number AN), and sec-
ondary and tertiary amines are also mosl sim-
ply characterized by their cguivalent mass. For
mixed amines, a mean functionality must be
used where necessary, For calculaling quanti-
tics, | gram equivalent isocyanate corresponds
to | gram equivalent Zerewitinoff-active hydro-
wen compound {cg, polyol). [n practice, the
guantity of isocvanate is calculated almost ex-
clusively Ffor 100 parts by weight of the active-
hyidrosen compound(s). 11 the raw materials also
cantain water, then an additional quantity of iso-
cyvanale 1s required, since the later reacts with
waler w form carbon dioxide and substituted
e,

The index (or isocyanate index) is equal to
100 (isocyanate index = 13l the quantity of iso-
cyvanale added cquals the amount necessary for
reaction with all Zerewitinoff-active hydrogen
atoms,

Elsed isocyanate gquantity
Mecessary [socvanate quantity

Index= - 100 (4

o practice, the index can be used o influence
the properties of the PUR decisively, ez, hy
“under-" or “over-cross-linking.” Under-cross-
linking means that free hydroxyl groups re-
main in the PUR; over-cross-linking means that
the urethane maieties undergo consecutive reac-
tions, i.c., the formation ol allophanates. High
indices of 300 ar more are vsed tw produce
polvisocyanurates (PIRY, in which the isocya-
nale groups undergo trimerization by reaction
with each other (see Section <4.4).




5.2. Reaction without Solvents

The possibility of manufacturing PURS from lig-
uid raw materials without the vse of any sol-
vent is one of the bigeest advaniages of PUR
chemistry. As a result, most PURs are manu-
lactured by a mass polyaddition process, This
process can be a single-step reaction (one-shot
process) or a bwo- or multiple-step reaction {pre-
polymer process), The reactivity is controlled by
temperature or by the addition of catalysts, Due
to the high exothermicily, reaction lemperalures
of about 100 1o 180°C are not unusual. These

high temperatures guarantee good end curing of

the maolded PUR parts.

5.2.1. One-Shot Process

Bulk reactions without solvents are usually very
fast, especially when catalysis are added, There-
{ore, the production of PUR foams is usually
carried out by the one-shot process, in which
all components are mixed directly, senerally
with simultaneous addition ol auxiliarics such
as catalysts, foam stabilizers, reinforcing agents,
fillers, and fire retardants. The reaction is highly
exothermic and largely completed in 0.5-30
min, depending upon the catalyst. The final
properties, however, are [requently reached only
after 2448 h {post-curing).

The one-shol process requires thal the re-
activity of all isocyvanate species is quite simi-
lar. Ammnes usually lead (o excellent PUR prop-
erties but react much more rapidly than poly-
ols, I diamines or polyamines are (o be used
it must be ensured that the urea formed at the
beginning of the reaction does not precipitate
and is no longer available for incorporation inlo
the hard segments, This means that the use of
polyamines is limited to amines which cannol
undergo cross-linking (secondary amines), are
sterically hindered [57-01, F48], or are deacti-
valed by electron-withdrawing substituents |62
64, 149],

For easy processability all components
should be liquid, of low viscosity, and misci-
ble or at least be able o form a homogeneous
reaction mixture for the very first moments of
the reaction, Usually all the nueleaphilic compo-
nents, that 15, polyols andfor polyamines, are pre-
mixed and homogenized. [f these mixtures are
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incompatible with the short-chain diols {chain
extenders), the miscibility must be enhanced by
raising the temperature or adding emuolsifiers.

[n general, the polyaddition reaction of a
multicomponent system by the one-shot process
leads to a predominantly statistical structure of
the polymer chains,

The 1erm reaction injection molding (RIM)
lechnology usoally is used when hishly reactive
components are mixed and injected into a mold
omn a very short timescale (see Section 7.4). This
technigque allows for the handling of reactive sys-
tems with pot lives (i.e., the period in which no
significant increase in viscosily is observed) of
less than | s and reaction times of about 10-60

RIM technology has initialized a develop-
ment, which started with catalyzed highly re-
active PLIR systems [150], and, by the vse of
palvurethane-palyurea systems, chain extended
by diiamines | 131-153], led to pure polyureasys-
tems, in which the only isocyanate-reactive com-
poments are diamines | 154163,

5.2.2. Prepolymer Processes

In PUR chemistry, prepolymers are defined as
intermediate reaction products of the palyaddi-
tien reaction which still contain free isocvanate
or isocyanale-reactive groups. [n contrast 1o the
one-shot process, the prepolymer process allows
lor a highly controlled polyaddition reaction,
ez, o construct tailor-made sepment structures,

In the lirst step of the process, polyether
or polvester polyols are usually treated with
excess dilsocvanate to vield homogeneous re-
action mixtures, which may contain consider-
able amounts of unconverted isocyanate groups.
I ditsocyanates with NCO groups ol dilfer-
ent reactivity are used (2,4-diisocyanatotoluene,
isophorone dilsocyanate), the resulting NCO
prepolymers exhibil narcow molecular weight
distribution with only minor amounts of uncon-
verled monomeric ditsocyanate.

If prepolymers free of moncmeric diisocyva-
nate are required, the latler must be removed,
ez, by thin-film distillaton or extraction with
a hydrocarbon solvent which docs not dissolve
the prepolymer, The monemer content is then
lewered to below 001 %6 [ 164, 165].
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The production ol storage-stable NCO pre-
polymers [rom aromatic dilsocyanates is difli-
cult and requires special precautions (e.g., the
exclusion of all races of water and catalysts) to
avoid side and consecutive reactions | 166].

Low-viscosily, monomer-Tree NCO prepaoly-
mers can be obtained from silylated hydroxy
compounds and isocyanates with a carboxylic
acid chloride group [ 167, 168].

{f:“?‘ {If]"l-;
R—OH + Cl—8i~CH, el el b
et} CH;
CHs ﬂ
R_(j--::ii- CH, + C—C—R-N20
CH;
0

|
= | R=O=CRNUO

5.3. Reaction in Solventis
5.3.1. One-Component Systems

Lingar or  slightly  branched PURs  or
palyurethane polvureas with molecular weighls
af 30000 to 150006 g/mol can be oblained by
polyaddition reaction 1 solution. The PURs are
usually isolated by evaporation of the solvenls
ar by precipitation, e.g., by pouring the salution
into a nonsolvent liguid.

The choice ol solvent lor the polyaddition is
crucial, as the solvent must be able to dissolve
both the soft and hard sepments of the segmented
PUR structure. Polar organic solvents {dimeth-
yllormamide, dimethylacetamide, |-methyl-2-
pyrrolidone, sulfolane, ete.) usually Tulfill this
requirement. In some cases, ketones like acelone
or methyl ethyl ketone are also suitable, The ke-
tones are especially suitable for chain extension
ol NOO prepolymers with aliphatic diamines as
they reduce their activity by reversibly forming
an adduet,

In industrial processes, lincar PURs con-
taining only urethane groups are usually pro-
duced without using solvents, bul can be dis-
solved 1n a solvent if necessary for the applica-
tion.

PURs containing urcthane and urea groups
are mainly produced by a two-step process. In
the first step a prepolymer is made without the

use of any solvents. Lo the second step this pre-
polvmer is then treated with chain extenders
auch as diols or diamines. In the second reac-
tion step, the solvent is usually added stepwise
1o avoid a too rapid increase in the viscosity of
the solution. The oblained PUR solutions have
PUR contents of ca. 20 to 30 %,

With increasing viscosity it is very difficult
L achieve complete conversion of the func-
tiomal groups. This problem is overcome by us-
ing NCOAOH ratios {indexes) slightly above 100
and running the reaction till the viscosity reaches
aspecilicd value, which must be determined em-
pirically for each product, Then the reaction is
stopped by adding a monofunctional stopper,
.o, dibulylamine,

If the reaction is carried out in highly po-
lar solvents, especially in mixtores of water and
acetone, methyl ethyl ketome, or DME, oven
highly reactive aliphatic diamines such as eth-
vlenediamine can be used. With increasing mo-
lecular mass the products may tend to gelation
or precipitation. The solubility of the PUR can
be improved by adding small portions of a sec-
and chain extender such as 1. 2-diaminopropanc,
piperazine, or water to disturh the fornmation of
the hard-segment domains,

5,3.2. Two-Component Systems [ 169]

Two-component systems are of tremendous im-
portance for coatings and for leather and paper
finishing. They usually consist of a polyhydroxy
compound and an isocyanate cross-linker,

The polyvhydroxy compounds are usually ab-
tained by chain extension of common palyether
or pelyesier polyels with difsocyanates; the 1so-
cyanale cross-linkers, which for ecological rea-
soms must be free of isocyanils monomers, may
be MCO prepalymers made by the reaction of
diisocyanates with diols, diamines, or waters; or
they may be modilied isocyanates, e.g,, trimer-
iralion products of HDI {see Section 3.1 2).

To increase the amount ol reactive compo-
nenls in the solveént-containing two-componenl
syslems, numerous improvements have been in-
troduced w0 industrial processes: part of the
solvent can be substituted by reactive thinners
[170], which are incorporated inte the cross-
linked PUR. By using new catalysts an unsym-
metrical trimerization product of HOT | 30], with




particularly low viscosity, has been developed,
allowing for hizher concentrations (high-salids
systems) without deterioration in the process-
ahility.

5.4. Reactive One-Pack Systems

The term “one-pack system” denotes the
storage-stable, ready-to-use formuolation of a
polymer precursor which cures without addition
of further components; ¢.g., curing agents, Cur-
ing generally is caused by humidity, atmospheric
axygen (mainly used in paints). or by the ther-
mal elimination of a blocking agent {see Section
3.1.3), which either vaporizes or remains in the
cured polymer,

(dher curing syslems involve encapsulated
materials with a diffusion barrier layer, which
is broken, e.g., on heating, They cure withoul
uptake or release of a substance.

Moisture Curing. Relatively low molecular
mass NCO prepolymers can be dissolved in
small amounts of low-polarity solvents (e.p.. 75
S solution in ethyl acetate) and cured by the ac-
tion ol atmospheric moisture. The curing rale de-
pends on the atmospheric humidity and temper-
alure. Usually these solulions are used as paints
or coatings, and the carbon dioxide formed as
a hyproduct escapes from the thin flm withou
bubble formation,

Eliminating Blocking Agents, Mixtures of
blocked NCO prepolymers with polyols are s1a-
ble at storage temperatures {20-50°C) and are
cured by heating (= 120°C) o climinate the
blocking agent (see Section 3.1.3). The reac-
tion ¢an be conducted insuch a way that an iso-
cyanate intermediate does nol appear [39]. Ap-
propriate ydrephilic medification can be used
v prodiuce such combinations as low-viscosity
aqueous emulsions or dispersions, i which one
of the components usually has a high molecular
mass [38].

Removal of a Diffusion Barrier Layer
Some solid dilsocyanates such as NIDI TDI-
ured, and TDI-uretdione ( TDI-dimer) can be sta-
bilized by encapsulation with a diffusion barrier
layer. ‘The barrier layer is produced by dispers-
ing the solid isccyanate in a solvent and reacting
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the NCO groups at the particle surface with (oy-
clo-jaliphatie dismines. Aller remaoval of the sol-
vent the encapsulated isocyanates are dispersed
in polyols or polvamines,

Liguid, pasty, or granular one-pack systems
are produced in this way, They can be stored for
several months and are made w0 react by heat
shock, e.g., | min at 1207°C, Heat-curable reac-
tivee powiders can also he produced on this basis

[171].

5.5. Oither Processes

In addition 1o the industrial isocyanate polyaddi-
tion processes described previcusly and in sub-
sequent sections, several other synthetic meth-
ads for PURS or polyureas are of scientilic in-
lerest [ 172].

PURs can also be oblained by the polyeon-
densation reaction of bis-chloroformate esters
and diamines. This method has the advaniage
over the polvaddition method that it can be car-
rigd out under very mild conditions (at 20907,
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1f secondary diamines such as piperazine
are used in the polveondensation reaction, ther-
mostable poly(N-alkylorethanes) are oblained.
This principle has been used to produoce, e.g.,
high-melting PURs [173] for fibers or PURs
with liquid-crystalline character [174]. Liquid-
crystalling PURs have also been produced From
M-alkylearbamic acid chlorides and diols,

Another method for preparing PURs is the
ring-opening polyadditon of oligomers with
cyclic ethylene carbonate groups and di- or
polyamines, which leads to segmented PUIRS
with free hydeoxyl groups | 175, 176]:
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o ] B+ HMN-R-NH, ——
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i W

4] 0

Il li
|'R'-'N = Q=0 CHy— EH—R— I:_'H —~CHy— 00— C—HH
1 (5] il



20 Paolyurethanes

L
P S

Figure 5. Tank truck unloading and storage tanks

Functionalized PURs can be obtained if car-
honylbiscaprolactone (CBOC) s used as carbony|
source [177]. Due to its high selectivity, reac-
tions with diamines can be carried oul cven in
the presence of additional hydeoxyl groups,

High-molecular mass cow-bis(aming) pre-
palymers for use in RIM technology (see Sec-
tion 7.3 have been produced by the reaction of
crae-bisiaminopalyethers with urea [ 78],

6. Processing of Polyurethanes

6.1. Supply, Storage, and Preparation of
Raw Materials

The raw materials are transported in small (<
|0} k) and normal-sieed droms (200-250 kg,
and (road) tank trucks and trailers (ca, 23 1h
The regulations applicable 1o the transportation
of chemicals {including labeling) must be ob-
served, as well as the transportation conditions
preseribed by the manufacturer for preserving
the quality of the raw materials. If raw mate-
rials are delivered by tank truck, storage tanks
for polvol and isocyanate should be installed in

pairs at the processing site (Fig, 533, The size of

the storage tanks should be adapled to the de-
livery volume (frequently 15 or 30 m?). Since
the raw materials in the tank truck are usuoally
delivered at elevaled temperature, they must be

N

Ry

cooled 1o the processing lemperature (22-25 7C)
in the storage tank. Ordinary thick plate can be
used as the tank malerial.

6.2. Metering and Mixing Technology

In contrast lo the machines used for process-
ing thermoplastics, which consist of devices [or
melting, molding, and solidilying, the machines
used for producing PUR maoldings or semilin-
ished parts contain all the elements of achemical
reactor.

The raw materials are conveyed from the stor-
age tank, optionally via premixing stations for
acdding auxiliary materials, 1o the processing ma-
chine, Ofien the metering and mixing machine
is called the wet part of the processing plant,
Fizure 6 schematically depiets a two-component
meiering and mixing machine with an impinge-
ment mixer as the mixing unit, Tn practice, ma-
chines using the impinsement mixing principle
are available for mixing up to six components,
In the working tanks (a), the raw materials are
prepared Tor processing, Le., prinvarily their tem-
peratures are adjusted precisely. Any lempera-
lure change, especially of the polyals, resulis in
a viscosity change, which can impair laler pro-
cessing. The working lanks (volume 20-500 L
accotding 10 the machine size) are therefore usu-
ally provided with healing and cooling jackets.




Separate temperature-conlrol circuits via heat
exchangers are also common. The working tank
is also equipped with an agitator Tor homose-
nizalion as well as an automatic refilling system
and indicators for level, pressure and temper-
alure. The conditioned raw materials are con-
veyed via metering pumps (b} to the most im-
portant part of the machine, the mixing head (e),
which delivers the liquid reaction mixture,

Figure . Principle ol a high-pressure machine (cicculation
SYSIEIT

a) Working tank; b Metering pumps o Mixing head; d}
Safery valve; 2 Filter, £) Hydraolic unit

Figore T, Axial piston pump
a) Shaft; b) Rod plwe; o Piston; d) Cylinder unit; ¢} Cam
phate, 01 Aogle of inclination 19 adjuse volume o rate

Depending on the PUR system (o be pro-
cessed, precision metering pumps of various
outputs (up te 150 Liming and pressure ranges

Polyurethanes 21

(up to 250 bar) are vsed. The pumps must al-
wiys sutisly extremely high requirements for
melering accuracy in crder to maintain a cer-
tain reaction mixture, In addition w0 conven-
tiomal gear pumps and io-ling piston pumps,
which have been established in PUR technol-
ooy For many years, axial piston pumps (Fig. 7)
and, for systems containing fillers and reinforee-
ments, slow-running single-cylinder positive-
displacement pumps are used (Fig. 8).

Fignre 8. Plunger pump

ab Stepping motar; o Hydeavtic eybinder; <) Hydeanlic pis-
ton; ) Metering piston: o Metering cyvlinder; C-Stop valve:
Teeding side; o) Stop valve: delivery side

Figre % Wiew into an impingement mixer durisg shot;
visuilization of streamlines
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Two types of mixing principles exist: Tow-
pressure mixing heads with an agitator {3-40
bary and high-pressure mixing heads (100-250
bary, In mixing heads with an agitator, the raw
materials entering the upper part of the mixing
chamber are intensively mixed on their way (o
the outlet by rotating, variahle-speed agilators.
Agitators include spiked, paddle, or screw agi-
tators, propellers, or turbing impellers. After the
end of the shotl the agitators are cleaned with
a rinsing medium. High-pressure mixing heads
operate acconding to the countercurrent injection
principle. The component streams are injected
into the mixing chamber via nowxles (Fig. %) and

are ixed by virtue of the kinetic energy used
and the chaotic Jow behavior created [179].

Tn controlled-circulation mixing heads, the
rivw raterial streams are changed from the “cir-
culation position™ (Fig, [0A) (tank — pump —
mixing head — lank) to the “injection position”
(Fig, 10 B). After injection has occurred, a pis-
ton ¢leans the remaining reaction mixture from
the mixing chamber and outlet pipe, These are
therefore known as sell-cleaning mixing heads.

So-called L-shaped mixing heads are able to
improve the homogeneity of the reaction mix-
ture by a perpendicular deflection of the Qow
direction and simultaneous acceleration of the
Acwe velocity (Fig: 111 Furthermore, the larger

o
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Figure 1. Circulating-groove mixing head
Al Clrculation/cleaning; B) Mixing
) Noezle: b Piston: o) Groove; d) Qutler tube

Fipure 11. L-shaped mixing head with cing throte (ovpe Hennecke )
a) Impingement mixer; b Actuating piston; ¢ Injeciion nowele; d) Mising chamber; e) Onces tuhe; £ Cleaning piston; g)

Addjustment of ring throtile: hy Bing theotile




diameter of outlet tube compared with the di-
mension of the mixing tbe allows the required
laminar flow out of the mixing head.

6.3. Processing Plants

A two- or multicomponent melering and mixing
machine is part of each processing plant. Fur-
ther equipment and machines define the kind of
processing plant.

Figure 12, Prnciple of a plant for continwons production of
lexern slihs

a) Working tank; by Metering pump: ¢ Agitalor mixing
head; ) Conveyor; ¢ Botom paper; £ Side paper; g Ris-
g feam; by Cored Toam

In comtinuous plants, semifinished prodocts
are produced in the form ol blocks, slabs, boards,
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profiles, etc. The scheme in Figure 12 depicts
a plant for the continuous production ol foam
slabs. Pour components are metered, mixed with
an agitator mixing head, and poured onto the
comveyor bell. The bottom and side paper are
used to keep the convevor helt clean and 1o
avoid sticking of the foam o the conveyor bell
during rising and curing, Figure 13 is a three-
dimensional view of a plant for the manofacture
of rectangular slab stocks.

A three-dimensional drawing of a plant lor
manulaciuring metal sandwich panels (Fig. 14)
gives an impression of how large and complex
PUR plants can be. The length over all stations
of processing steps in this case is ca. 350 nu

Plants for producing moldings operate batch-
wise. Theexample in Figure 15 shows a top view
of a processing plant; On the left side is the wet
part of the plant with a total of six components;
a robot handles the high-pressure mixing head,
and Lo clamping unils are available for pouring
inte open moulds,

A distinetion can be made between plants
with movable (Tig. 163 and those with stationary
modds (Fig. 17). Movahle molds are supplicd by
a single mixing head, whercas 1o RIM plants,
several mixing heads are used, each of them
being permanently assigned Lo one (stationary)
mold, The plants are preferably avtomatically
controlled with electronic equipment,

Figure 13, Plant for the maneiactuce of rectangular slib stocks (Coadro-Foamat-Machine: QFM, source Hennecke) a) Agitator
mmxing heads b Fall plade path adaped o Gonm expansion: <) Conveyor, d) Device we keep bBlock shape rectangslac: ) Paper

winch
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Figure 14, Plant for the manufactore of metal sandwich panels (zoores Hennecke)
a Uneaoifing staticn; by Peofiling machine; o) Heates; o} Twdn-head Teamg portal: @) Laminatar; T Cutting machinebandsas;
i) Tuen over system for coof elements; by Coofing section; i} Stacker

IS

D=

o

= - =k
Figure 15, Layout of a plant for producing moldiogs by open-mold filling technology
) Tank unir; 1) Pamp unic; ¢ Rehot with mixing head; o) Clumping units; ¢ Proflective guird
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Fipure 16, Principle of a plans with movible molds and s
Licnary mixing head
ab Working tank; by Meteving pomps ©) Mixing head, d)
Turncable; ¢) Molds

Figore 17, Principhe of a K16 plan

a) Working tank: by Metering pump; @) Circulition system;
) Selection valves: &) Maxing heads; D Clampang wnits with
tanls

7. Foams

Whilst the reaction of isocyanates with waler
in most PUR applications is an unwanted side
reaction, for foams this reaction 15 of ulmoest
importance, due o the two reaction products
formed. These are COy, which acts as the blow-
ing agent [or foam formation, and the more or
less erystalline polyurea domains, which contral
cell opening and act as reinforcing filler in the
PUR backbone, This chemical blowing process
was supplemented in the early 19605 by a phys-
ical hlowing process using low-boiling liquids
as blowing agents, These liquids are vaporized
by the heat of reaction ol the polvaddition re-
action between isocyanates and polyols andfor
water. The blowing agent vapor is trapped in the
viscous reaction mixture and thus leads to the
cellular structure of the foam. Since foam for
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mation is a very sensitive and complex process
of interdependent chemical, physical, and rhe-
ological processes, specific addifives and cata-
Iysts are required {sce Section 3.5).

PUR foams are generally divided into flex-
ible, rigid, and semiflexible producis. Iniegral
skin foams, which have a densified surface layver
farming an elastomerlike skin and a lToamed
core, are deseribed in Section 7.4,

Polvols with arelatively hizh molecular mass
(20008000 g/mol) and a nominal Tunctional-
ity of 2-6 yield Aexible loams. Combinations
of these polyals with low molecular mass gly-
cols or amines as chain extenders and prefer-
ably polyisocyanates with a lmetionality of
more than two yield semillexible foams. Highly
branched polyols, e.g., polyethers based on sor-
bitol or sucrose, with a relatively low maolecular
inass (< LK efmol ) are the basis of rigid foams,

For all these classes of foams different Lypes
of manufacturing processes may be applied. An
alternative way ol classifving foams is therelore
based upon the manulfacturing process,

Depending on the processing, a distinction
is made between molded foam and slabstock
foam. Besides these most prominent groups of
fexible foams, other foam types include cavily-
lilling lowm {e.z., filling of cavities in car bodies
For acoustical or reinforeing purposes) and spray
Foam (e.g., for thermal insulation of roels), The
term “filling foam™ essentially refers to semi-
Mexible fpams behind appropriate overlays, ez,
fexible plastic sheets, films, etc.

7.1. Flexible Foams

Mozl (exible foams are produced continuously
as slabs or batchwise by molding, They are
characterized by reversible delormability and an
open-cell structure, associated with air perme-
ability.

7.1.1. Flexible Slabstock Foam
7.1L.1.1. Raw Materials
Based on different chemistries on the polyol

sicde, three lundamentally different types of
slabstock have to be considered: Polyvester
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foams, made [rom polyesier polyols, conven-
tiomal polyether foam, made from polyether
polvals with mainly secondary OH groups and
high-resilient (HR) foam, made from polyether
foams with mainly primary OH groups.

The isocyanate used for polyester foams is
usually TDT 65 (see Section 3.1, 1) or blends of
TDI 65 and TDI BO; the Lypical isocyvanate for
polyvether foams is TDI 80, High-resilient slab
stock foam is produced from polyethers and T
80, hoth oplionally madified,

Main components (parts by weight) of a for-
mulation for flexible polyvesier foam:

Pralyester pobyol {0 a0, 100
65, ez, Desmnphen

2200

TR G5 andfor TDD B0, wariable
2., Desrxlar THS,

Baesmmiodur T8

Indax a%

Waler 2548
Amine catalyst [URE IR
Foam sabilizer h7-1.3

Miain components (parts by weight) of a for-
mulation for lexible palyvether foam:

Falwether palyol (OH no, 100
A, e, Arcol LI08
TN Sk e, Desneedur wariable

T

Index BB-115
Wl 2.0-4.5
Annine catalvst 0is

Tim chinctanoare 012028
Foum stabilizer Lh-1.5

Mlain components (parts by weight) of a for-
mulation for high-resilient (HR) Hexible Toam:

Grafted polyel (OH no
28k ep.. Desmophen
TS

110

TR A, e, Desmodur vasiable

T&O

Index factor P11
Wianer 1540
Armane caralyst Q0020
Diethanaimine O8-1.5
Tim dioztantite Q10055
Foam stohilizer LR

The palyesters (M, 2000-3000 gfmol) are

usually hased on adipic acid and linear glycols
(e.g., diethylene glycol), or triols (glycerol or tri-
methylolpropane) it slight branching is desired,

The polyethers used (M, 1000-600H) g/mal}
are di- anddor tricls with a varying propylene
oxidefethylene oxide ratio, which is tailored 1o
the foam's application. An important factor Tor
polyether foaming is a well-balanced ratio of the
metiad and amine catalysts, which conlrols the si-
multanecus reactions of the NCO group with hy-
drosyl groups (polyurethane reaction) and with
water {blowing reaction). If the polyurethane re-
action rale predominates, the foam may shrink
due to the formation of a high proportion of
closed cells. IF the water reaction proceeds Loo
rapidly, the carbon dioxide formed cannot be
cantained in the cells; splits result and the foam
can even collapse,

High-resilient foams are produced from
highly reactive gralted polvethers which con-
tuin a high proportion of primary (0H groups
{fram ethylene oxide). Graluing is achieved by
in situ polymerization of styrene and acryloni-
rile to form a stable SAN suspension in the
polyol. Another class of grafted polyols is based
on the polyaddition of T and hydragine 1o
yield PHD polyols which contain suspended
polvhydrazodicarbonamide/polyurca particles.
I highly functional (pre-cross-linked) modified
T ypes are used, unmodified polyols can be
applicd, but due to advantages in foam process-
ing, this approach has been generally replaced
by grafied-polyol technology,

7.1.1.2. Production

The raw malerials are processed in Tully contin-
uous plants to give Aexible foam slabs up o 220
cm wide, 120 cm high, and of any length. De-
pending on the slab dimensions, internal lwmper-
atures of up to 165 °C arc reached as a result of
the exothermic reaction. This temperature must
not be exceeded, otherwise severe scorching and
even self-ignition of open-celled Foam may oc-
cur, The foaming process is completed after ca,
3 min, and final curing lakes from about 10—
12 h up w72 h, depending on the foam Lype.
The slabs are therefore stored in curing stor-
age facilities until they have cooled and attained
their final mechanical properties, so that they can
be transterred to further processing, fabrication,
ete. The length of the slabs varies from 1Wm
{short slabs) to 120 m (loeng slabs), To minimize
trimming losses of the foam buns; which would
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Fipure 18. Principle of o ptant Tor prodoction of rectangular lexible fogm slih stocks

ay Cowvering paper; b) Skids: o) Mixing hewl: o) Conveyor bele ¢) Foam

Figure 19, Mulstrezun (Hennecke

be dome-shaped under [Tee-rise conditions, var
ious technolegies are applied 1o produce rectan-
aulur slabs.

Figure I8 shows the principle of a rectangu-
lar slabstock plant {(Hennecke Planibloc process)
[130]. A cover is applied 1o the rising foam. The
pressure of the skids avoids the development of
the usnal slab dome without the foawn becom-
ing compacted. Besides a rectangular slab cross
seclion, this process sives an increased yield of
foam due to partial foaming of the mixwre at
the slab surface, which would otherwise tform
the surlface skin.

In ather processes a polyethylene flm is
drawn up to the slab sides in synchronization
with the rising movement of the foam (Dreaka-
Petzetakis) [ 181, [82]; or the reaction mixture
is discharged into a trough with a sloping bot-
torm, in which it rises and then fAows off over
a downward incling (fall plates) oot the con-
veyor (Maxfoam) [183]. A more recent devel-
opment (Mulaflex, Quadroloamal, see Fig, 13)

combines the fall plaies with liguid lavidown
principles,

The application of reduced air pressure
during the foaming process {variable-pressure
foaming, Beamech [184]) or the introduction of
carbon dioxide intoe the mixing chamber {e.g.,
bultistream (Fig. 19) and Novaflex (Fig. 200,
Hennecke [183]) has allowed for the complets
elimination of other physical blowing agents
such as CHFCs,

Rectangular blocks can also simply he pro-
duced batchwise by introducing the reaction
mixture into melal or wooden boxes and al a
given lime putting a floating cover on the ris-
ing (oam. In addition o primitive methods (box
foam™}, mechanized box processes are also of-
fered for this purpose with relatively low in-
vestment costs and a processing capacity of up
to 1000 tfa {e.e., Hennecke Bloc-Foamat BFM
100). Special versions of these batch plants are
available so that different ambient pressures can
be applicd during the foaming stage (e.z., Hen-
necke Megafoam).
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jTigurc 2, Novaflex creameer (1 [Eﬂneckf:-]

In addition 1o the production of blocks with
a rectangular cross-section, continuously pro-
duced blocks with a round cross section {diam-
eler ca. 120 cm) have become industrially im-
portant (Reeves Brothers, General Foam [ 186,
1871} These buns can be pecled seamlessly,

7.1. 1.3, Properties

The mechanical properties of the foam are
largely determined by the raw materials and the
formulation used and by its apparent density.
For Aexible [oam slabstocks, the usual densi-
ties are 2040 ke/m®, but extremely light and
extremely heavy types of foam (from 16 kg/m*
and up o 130 kg/m®y can be produced indus-
trially for special ficlds. The choice of density
is determined by the specific application of the
foam; the higher the density, the better the prop-
erties or the lower the fatigue of the foam when
n continuous use,

The hardness (measured as  compressive
sirength at 40 % compression) is an important
characteristic of PUR {oams { Table 43, The hard-
ness can he varied within wide limits by alter-
ing the formulation. Considerably softer con-
ventional foams are obtained, e.g.. by including
polyethers of high ethylene oxide content and
special additives, Hardness cantrel is also pos-
sible through the index or the addition of grafied
polyols.

Apart from the hardness, other characteristic
values can be derived From the hysteresis loop
{Fig. 21} The slope of the loading curve and
the area enclosed by the loading and unleading
curves (hysteresis) are measures of the elasticity

and energy absorption of the Toam: the closer the
curves are together, the more elastic the foam;
and the lareer the area, the better the cnergy ab-
sorption or damping properties of the foam, HR
slabstock foam has the best elasticity, followed
by polyether foam and polyester foam,

Talle 4, Belation belvoon apparent density and compressive
strenglh of various grades of exible foom slab stock

Flexible foam sysem Apparent Crompressive strength
density (IS0 a0 % compression

f45h kg (150 3386, kPa

Polyestir Toant, based 35 0.5
on Desmaplun

22008/ Desmndur TGS

Polyciher foam. based 13 G4
an Polycther

100 B LA Tesmodur

THOS S

Polyether loam, based in 4.5
on Al

| O e TAL

HE slab stock fean, a4 a7
hased on Desrnophiens

ThEW (Desmodur TEI

1ear

—_
Ih.'l
>

=
=

i
=

Compressive strength, kPfa — -

4

] - \
I Fii) 40 Bl B
Deformation, % ———w

Figure 21, Hysteresis loops of dilferent geades of fexible
foam slah stock Capparent density 35 kgfm™)

&) Lavacding lines; b) Unloading Hnes

— Pilyester-based foam; ——— Polyether-based foan; - — -
HE foan




Some impertant mechanical properties are
summarized in Table 5 o demonstrale their
range of values. Table 6 shows the values for
fatigue in continuous use under the conditions
of short-duration tesis.

The following list contains some additional
propertics of flexible PUR slabstock foams:

Thermal conductivity: L033-0.040 W m~!
K1 (at 0~70°C and densities of 20-70 kg/m*)

Temperature stabilite: from —40 w +80°C
without embrittlement,

Open-cell character (see alsa reticulation ca-
pabifityl: 98100 % wilh respect Lo air perme-
ability, not with respect to resistance to air flow.

Chemical resistance to aclds and alkalis:
polyvether foam has a beller resistance 1o acids
and alkalis than polyester foam,

Chemical resistance to organic solvents:
polyester foam shows a better resistance to or-
eanic solvents than polvether foam.

Chemical resistance Io atmaospheric oxy-
gens oxyoen attacks Toam slab stocks only su-
perficially without harming the serviceability.
Polyether foam s maore easily oxidized than
polyvester foam, However, iF aromatic polyisocy-
anates and polyether polyols are used for foam
production, the foam will decompose over lime
if exposed 1o oxygen and light.

Cambustibility (see Section 14.4): Flexible
slabstock PURs are combustible, like all organic
{carbon-containing) materials. By addition of
suitable flame retardants the combustion behay-
ior of foams can be adjusied to meet several
Hammahility standards such as MVSS 302, BS
5832 part 2 Crib V., or even Fire Class B1 (DIN
4102} Also a post-treatment with fatices con-
laining ffame retardants is possible, in particular
if demanding tests have to be met. Besides flame
retardants, the type of foam (polyester, conven-
ticmal, or high resilient) is important i certain
Hammability standards have to be met.

Buctericidal and fungicidal treaiment 15 pos-
sible by including appropriate additives in the
formulation or by post-treatment.

Reticulation capability {see also apen-cell
ehiracter): the flow resistance can be greatly re-
duced by vsing chemical or physical processes
(Chemotromics) (o remove residual cell mem-
branes (filter foams).

Physiological aspects: According 1o exten-
sive studies (hoth dermatological and oral fox-
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icity in animals), fexible PUR foam of defined
composilion is physiologically harmless,

7.1.1L.4. Trimming and Processing

Various possibilities and machines are available
for processing the cured slabstock foam fo fin-
ished articles. The simplest processes for foam
blanks are horizontal-cutting (e.z., long-block
cullingfpecling), vertical cutting, and angular
culting. These are carried oul with continuously
rotating knives,

Profile cutting in the form of copy culling
and punching, compression cutting, and milling
is used for further forming. With profile cutling
lailor-made cuts can be made by following pre-
Fabricated templates or drawings {Fig. 22,

®

Figure 22 Cotting metheds and punching
Al Hot-wire-cotting: B Copy cutting: ©) Profile cuttings 1)
Ponching

Compression-culling s a special variant of
prafile-cutting, All these processes exploit the
easy deformahility and excellent recovery ol
PUR flexible foam (Fig, 23).

Adlvinees in foam (rimming equipment such
as [ully automated CNC processing lines allow
for cconomical conversion of Toam buns inlo
very sophisticated contoured parts (Fig. 24, At
the same time, im losses are minmized by spe-
cifie soltware | 188].
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Tuble 5 Mechanizal propertics of various grades of Aexible foam slabstock

Flexible Toarm system Tensile strength (S0 1798, k1% Elengaton at break (T80 1798), S Compressive se (fter 90%
deformation;
1500 1R56), 5
Pobwester Foams lGa0—22 FIHY =100 5-13
Palvarler foams 10— 180G FIHD = i 2-10
IR slahsrock Toans S— 20 Fl e ] 2-10
Tahlbe 6. Change of hardaess on ageang of sanous grades of Desible foam clab steck
Flexihle Toam system Apparent density (F50 845), kefm Decrease of indentation lud Degreas: of compressive sirength
deflection (150 2385, (5, D0 AT el i),
Polyster foams 25 a3 a5
35 20 A1)
45 20 A0
Polyether fosms 20 34 10
25 20 14
ER] 19 138
Alk 1 16
HI slabatock Toama 25 24 ]
Rl 13 15
Ah (53 15

Figure 23, Compression cutting
Mg Conveluting process, Bl Skiving process

Fipure 24, Comtoured parts, prodoced by different
trimming technologies

Form milling is used for roonding edges on
seat backs and armrests as well ag on seat pads,

Due to the large variety of milling tools, any
shape is possihle (Fig. 25).

Figure 25, Shaping of Aexible foam: by milling

Other post-treatment methods include reticu-
lation, impregnation, compression, welding, ce-
menting, laminating with textiles or [ihns by
flame lamination or adhesive banding, quilting,
and covering.

The trimmed-cfl foam s Naked in suitable
mills. The Nakes can be used as Alling material
ar are honded 1o form lake-composite blocks,
referred o as rebonded foam. These composile
blocks are then fabricated similardy w0 normal
foam slab stocks {see Section 14.3),




T.1L.1.5. Applications

The variely of properties and the conlinuous de-
velopment of new foam grades and Turther pro-
cessing lechnigques have made slabstock indis-
pensable for many applications.

For furniture, the use of polyether foams ex-
lends from complete foam upholstery to the sim-
ple seat cushion. Very comforiable cushioning
is achieved by combining types with different
properiies (e.g., density, hardness, or elasticity).

Full PUR foam matiresses al presend account
for approximately one-third of all matiresses
sold in BEurope, The relative low weisht {e.g.,
versus latex foam) and the freedom of design by
combining various foam types (high resilient,
conventional, viscoelastic) and grades (density,
hardness) in conjunction with advanced cutting
systerns have turned these mattresses into high-
tech applications. All required grades of hard-
ness are available, from the child’s o the -
tervertebral disk matlress. Even in stecl-spring
mattresses, a layver of slabstock foam is used as
cushioning and lining material.

An lmportamt field of application fer slab-
stock foam 15 the lamination of fabrics. Polvester
foams are preferred w polyether foams due 1o
their melting properties and their specific cell
structure, The foams can be bonded on one or
twa sides with textile widths by adhesive or
Hame lamination and are widely used for ao-
tomotive interior trim applications such as seal
covers or headliners.

Onher applications in aulomotive industry are
sun visor fillings, which can be manufactured
from semirigid polyester foams, and sound-ab-
sorption materials for passenger, engine, and
runk compartments, PLIR foams are also used as
sealing and filter materials in the ventilation sys-
tem, All foams for automobiles must satisfy the
fire test MVSS 302 (see Sccuon 14.4), Depend-
ing on the density and the chemical nature of the
PER foam (HR or conventional Foam) flame re-
tardants must be added Lo the fowm formaulation
to meet this requirement,

In the clothing industey the above-mentioned
laminated fabrics are incorporated into jackets
and coats. Other applications are paddings in ski
and sports boots and underlinings in the purse-
making industry,

Flexible PUR foam iz particularly suitable
as a packaging material for fragile goods. Be-
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cause of the variety of cutling processes, ex-
remely complicaled shapes can be produced lor
the transportation of goods.

The main application in the household see-
tor is spanges. They are produced from both
polyvether and polyester foam in very diverse
colors and shapes, They can be line- or coarse-
pored and range from extremely Hexible 1o al-
most rigid. The foam’s hydrophilicity can be io-
creased by using special additives, The range of
uses in the houschold meludes adhesive, seal-
ing, and jointing tapes as well as undercarpet
padding, doormats, and cleaning brushes. Spe-
cial grades can be oblained by bonding with ther-
moplastic films by high-frequency welding.

The ability of Hexible foams to absorh air-
borne noise elliciently is exploited for noise
ahaternent, The low thermal conductivity of flex-
ible block loams is used lor the thermal insu-
lation of heat accumuolators and pipes. For use
as liler material, c.g., in ventilation and air-
conditioning systems or as dust filter in breath-
ing masks, the Now resistance of the Foam must
be reduced by posi-treatmeni. Depending on
lechnical requirements, the oam can also be
used as a filter for liquids. Since the foams do nat
absorh X rays, they are an ideal material for the
comfortable support of parts of the body during
X ray exposure.

7.1.2. Molded Flexible Foam

The foam molding process is wsed when 11 s
impossible or uneconomic to produce a com-
plex seometry by trimming slabstock foam, or
when the incorporation of metal inserts (for Fas-
tening cushioning units ar coverings) or even
sleel springs (Tor furniture applications) is de-
sired. A distinction is made between hot-cure
malded foam and cold-cure molded foam,

T.1.2.1. Production

To  preduce  hol:cure  loam, wiluoctional
polvethers with a low content of highly reac-
tives primary OH groups in the molecular mass
range of 3IH-SO00 gfmol are reacted with
toluene ditsecyanate (T with ca. 80 % of the
24" isomer, e.g., Desmodur TS0, The blowing
agent is carbon dicxide, which is formed by the




32 Folyurethanes

water-isocyanate reaction. Polyether polysilox-
anes are employed for stabilizing the Toam and
due to the lower reactivity of the polyols, fin
dioctanoale or other tin compounds are used Lo
catalyee the polyurethane reaction, amines are
vsed to catalyze the blowing reaction, and rather
high mold temperatres must be applied. The
hardness of the foams can be adjusted by adding
grafted polvols for increased load-bearing prop-
erties or by using special polyols or additives For
softer grades. The resulting foam is open-celled
and does not require crushing (or cell epening,

Caold-cure foams are produced from ifune.
lional polycthers with enhanced reactivity (high
proportion of primary OH groups) in the molec-
ular mass range of SO00-6000 g/mal and prafted
polyvols. A variety of different isocyanates are
used, usually with a functionality exceeding two
(modified TDI types, blends of TDT and higher
functional MDI, special MDI types), If pure
TDI 80 is applied, polyethers with a Tunetion-
ality slightly higher than three are usually vsed
{e.g., Hyperlite). No further blowing agents are
used: the carbon dioxide Formed [rom the reac-
tion of water with tsocyvanate is the sole blowing
agent. Due to the higher reactivity of the pulyols
no melal catalysts are required for curing, and
the mald temperatures are relatively low (Peold”
cure] compared to hot-cure foam, On demolding
the cold-cure foam is closed-celled and must be
mechanically crushed to avoid shrinkage and (o
achieve consistent physical properties,

7.1.2.2. Molding Process

The molding methods for hot- and cold-cure
foam systems differ sharply from each other.
This is mainly because external heat must be
supplicd 1o a hot-cure malded foam W cure the
foam’s surface fast enough.

Figure 26 shows the individual process steps
of the hot-cure foam molding process. This pro-
duction sequence has a eycle time of ca, 20-25
min, depending on the nature and size of the
foam parts.

The molds consist of black iron plate {(wall
thickness 1.5-2.0 mm}. aluminum sheet {wall
thickness 46 ), of cast 2hovninem (wald
thickness 610 mm). Since the foaming pro-
cess for this foam type must proceed unpres-
surized, good mold venting is necessary. The

arrangement of the vent holes is determined ex-
perimentally, In manufacturing the molds, & vol-
ume loss during the curing process of ca. 2 %
must be taken into consideration, The precise
value is specific for the formulation and must be
determined experimentally. Release agents are
mainly agquecus wax or soap dispersions. High-
or low-pressure machines, operaling hatchwise,
are used for metering the raw materials, The
molds are usually heated by hot-air ovens, The
heating capucity of the ovens for the full-cure
process must be adapted to the mold material
and the required cvele time. Aller removing the
molded foam parts, the melds are cooled by wa-
ter or cold atr to the loading temperature,
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Figure 26, Flant for hot-cone moldings
al Oven (160-2507Ch by Recirculating airfwater bath;
o) Conling section; dp Working scction; o) Inserts

The curing process can be shortened by rapid
adjustment of the nternal wall temperature of
the mold o ca. 120 7C after the end of the rising
tirne. In this case, the molds are heated directly
with liguid heating media 1o conserve energy.

Cold-cure foam systems require much lower
mold temperatures. To achieve the optimum
quality of the foam skin, the molds are adjusted
to the optimum temperature for the mobd ma-
terial and the release agent (hetween 40) and
65 ). Cooling equipment is nol required (Fig.
273 Depending on the combination of pelyoels,
the isocvanate, the catalyst package, and the
shape of the cavity, the foam can be demolded
after 2-6 min.

In contrast to open-celled, hot-cure moelded
foam, the closed cells of cold-cure foam parts
must be mechanically opened. This can be
achieved by roller crushers with counter-rotating
rollers, compressing the parts 1o a fraction of
their original height, or by fast alleration of the
amhicnt pressure in a pressure chamber,




Polyurethanes 33

S

1
i e e S

_H_ e

Unlacking LCleaning Inserts
Demolding Release agenf

Figure 27, Plant for cold-cure meldings
T=thermestatting unifs

Working section——

One hour after demolding, cold-cure molded
Foams have reached only 50-80 % of their final
hardness. Therefore, cold-cure foam parts need
tor e handled with care in the Grst few hours after
proeduction. Depending on the chemistry and the
climatic conditions, linal properties are achieved
after 5-12 h (for comparison: a hot-cure foam
will reach its final hardness within the first 2 b
afier demaolding).

The foam malds must be designed for an in-
ternal mold overpressure of (0.3-0.6 bar. When
[ahricating the master patterns for the mold
replica, a loss in volume of the molded part of
up to 2 % must be taken ito account,

Lﬂl'gﬂl' ]Jlams [greater space rf:quircmum,
more molds) are required Tor the production of
hot-cure foam than for cold-cure foam, owing
to both the heating/cooling cyele and the longer
mold haldup times of ca. 12 min compared to
48 min for cold-cure foam. Under ideal condi-
tions, hot-cure molded foam has the advantage
of a lower molding mass compared to cold foams
at the same compression-load deflection.

7.1.2.3. Properties

Hot-cure and cold-cure foams diller Tundamen-
tally in their mechanical properties. The lowest
densities can he achieved with hol-cure foam.
Al the same density, a hot-cure foam will uso-
ally provide a higher hardness. However, due
i higher venting losses, savings in material for
a hot-melded piece of foam are signilicantly
lower than expected based on the simple com-
parison of apparent densities. The compression

Lotking|
Fiilting

load deflection curves of molded foams can be
compared with thal of free-rise lexible foams
(Section 7.1.1.3) the characteristics of hot-cure
maolded foam are similar o those of conven-
tional slabstock foam; cold-cure molded foam
can he compared with HR slabstock. The hys-
teresis curves show that cold-cure foam has a
higher elasticity (narrower hysteresis loop) than
modded parts from hot-cure foam, Table T gives
a peneral overview of the properties of hot- and
cold-cure foams.

With a cold-cure foam cushion, greater com-
fort is experienced due to its higher elasticity.
However, for an automobile sear this higher elas-
ticity means a reduced damping of the vehicle's
vihrations. Since the construction of the seat (Tull
[oam or combination of foam and springs) and
the damping hehavior of the wvehicle struclure
must be matched, the question whether to use
hot-cure or cold-cure molded foam musi be de-
cided tor each individual case. A second and
more basic difference between hot- and cold-
cure foam is their fire behavior, Cold-cure foams
down 1o a density of ca. 35 kg/m® usually meet
the live standards of the astomobile indusiry,
even without added lame relardants. For hot-
molded foam, Aame retardants must be used.,

7.1.2.4. Applications

Flexible molded foams are principally used in
all kinds of seat pads, seat cushions, backrests,
bench seats, headrests, efc, in passenger cars (see
Fig. 351 motoreyeles, and commercial vehicles,
airerall, and railways. Another important area of
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application in the automotive industry 15 sound
abatement. Flexible molded foam is used cither
on ils own for absorption of airborme noise or as
a compaosite in conjunction with a heavy layer
(EPDM, EVA, or PUR elastomers filled with,
.z, barium sulfate) or as backfilling [vam on
the vehicle's lloor cover. These composites may
acl either as sound harriers or can be tailored w
dampen structureborne noise. In addition, flex-
ible molded loams are used in the furniture in-
dustry, e.g.. for office chairs, armrests, and in
specific combinations with steel springs, which
are incorporated into the molded foam. Sealing
lips for passenger car tail lamps and for filters
can also be produced from molded foams,

7.2. Semirigid Foams
7.2.1. Applications

Semirigicd foams are vsed primarily for improy-
ing inner safety and comfort in automaobiles.
Combined with an external laver ol ABS/PYS or
PUR skin and & metal or plastic carrier, they are
used o produce instrument panels (dash boards),
door and pillar covers, armrests, and consoles.
The foam has a density range of 80-180 kg/m®
in the finished part, Key propertics are long-term
adhesion Lo skin and carrier, a uniform, fine cell
structure, low emission, and high resistance w
aging and heat.

Special grades (EA Foams) are optimized for
eneray absorption, On impact, they dissipate the
kinetic encrgy by deformation and thus protect
the passengers ina crash {Fig. 28}
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Fipure 28, Dynamic force—deformtion characteristics ofa
seand-rigid PUR foam

7.2.2. Producton

Parts made of semirigid foam are produced
mostly in a two-slep process. First, the pre-
formed skin (ABS/PVC by thermolorming or
PUR by spraying) 1s positioned in the cavity of
the maold, & plastic or metal carrier is [ixed on the
lid of the mold, In the second step, the mold is
closed and the semirigid foam is injected. Alter-
nately, the semirigid foam is spread in the open
malid and the lid is closed before the foam ex-
pands.

The two PUR components are mixed by high-
pressure machines, The molds are made from




aluminum, often coated with epoxy resin. If the
foarm has contact to the surface of a mold, a wax-
based release agent must be used. The demeld
times are between 1 and 6 min, depending on the
size, thickness, and geometry of the parts and on
the reactivity of the [oam system,

7.2.3. Properties

Semirigid foams are maostly open-celled and
have a higher compression load deflection and
lower elasticity than fexible foams. Typical
properties are:

Apparent densite (150 545) A0 1RO k™
Tensile sirength (150 1798) 0400 kP
Blongaicn an boeak (IS0 FR) 0-60 %
Comgresson lond deflecton an 40 % A0-3K) kika
compression (IS¢ 23803

Corpression set on S0 compression <

{150 18560 22he TOOC

The dynamic impact characteristics (g, 28)
are important for the dampening and energy ab-
sarbing behavior.

7.3. Rigid Foams

Rigid foam is in most cases a closed-cell mate-
rial that is used for thermal insulation, Besides
providing thermal insulation the foam may also
have to bear mechanical loads in some applica-
tions, Composite structures in which the self-
adhesive effect is used to bond the foam to a
substrate during the foaming process are ollen
Found in the Gield of rigid foam. This reinforcing
sandwich-effect improves the mechanical prop-
erlies signilicantly.

Rigid foam is used in many ways, The main
applications for rigid foam are appliances (re-
friserators, [reezers), insulation boards (with
and without facings), composite panels {mosily
with metal facings}. pipe insulation (as insulal-
ing shells or as composites), insulated contain-
ers, and in situ foam (spray Foam).

7.3.1. Raw Materials
Rigid PURs require a highly cross-linked mo-

lecular structure. Lo achieve this, raw materi-
als with high functicnalities and low maolecular
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weioht are preferred on the polyel and on the iso-
cyanate side, Therefore, short-chain polyether
polyols and polymeric MDT are the materials of
choice. Low maolecular weight polyester polyals
arg also used,

Typical polyether polyols (see Section 3.2,1)
are produced from a highly functional starter
muolecule (sucrose, sorbitol, glyeerel, dicthylene
alyeol, ethylenediamine, and others) or mixiures
thereof by adding alkylene oxides, mainly pro-
prlene oxide but sometimes ethylene oxide. The
esulting products are viscous liguids.

The palvester podvols (see Section 3.2.2) are
typically based on aromatic acids like phthalic
acid, (Dijethylene glyveol is mostly used as aleo-
holic component. Glyeerol or other highly func-
tional alcohol componens may be used to in.
crease the functionality, Howewver, the use of
starling materials with higher functionalities is
limited because of the increasing viscosities al
the resulting products.

The pofvimeric MDI types (see Scetion 3.1.1)
that are vsed have funcltionalites in the range of
roughly 2.5 to 3.5, corresponding to viscosilics
af about 100 o 1000 mPa-s al 25°C.

Blowing agents (see Scction 3.3 are not only
used o create the foam., Since the blowing agent
remains inside the closed cells it has a strong
influcnce an the thermal conductivity of the re-
sulting foam. The choice of the Blowing agent
depends on the most impartant criteria in the
respective application, such as the lowest possi-
ble thermal conductivity, processability, or rela-
Lionship between cost and performance. In most
cases, g combination ol a physical blowing agent
{a low-hoiling liquid or a gas) and a chemical
blowing agent (mostly carbon dioxide Tormed by
the chemical reaction of water with isocyanate)
15 used, While, according to the Montreal Prolo-
¢ol, the use of chlorine-containing halogenated
hydrocarhons is still allewed in certain areas of
the world, the vse of these prodocts in West-
ern Europe is banned, Here only fuorinated hy-
deocarbans such as tetrafluorcethane (B 134a),
pentaluoropropane (R 2450), and pentafluo-
robutane (B 363mifc) may be used, Hydrocar-
bons such as n-, ise-, and cyclopentane or mix-
tures wilth other hydrocarbons like propane or
butane are widely tsed, despite their Harmmabsil-
ity. Methods forasale handling of these products
are industrially available and installed. All these
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blowing agents have very small coefficients ol

diffusion; they remain within the foam during its
lifetime. Where no {metallic) facings are pro-
vided, the thermal conductivity increases very
slowly because of air diffusing into the foam,
Therefore, in some applications, e.g., the con-
straction industry, increments are added o the
measured values of the thermal conductivity (o
take this ageing process into account. In this way
it 15 ensured that a sulficient level of insulation
is installed,

Catalysty (see Scetion 3.5), sometimes called
activalors, are vsed to control the foaming pro-
cess. Products used as catalysls are lertiary
amines, organometallic compounds, and alkal
metal and quarternary ammonium salts ol car-
boxylic acids, The products may be classi-
fied according to their performance-withoul re-
ally being able to draw sharp lincs-as blow-
ing, mel, and lrimerization catalysts. A lew
examples taken from a wide range of prad-
ucts are given here: bis|2-(NN-dimethylami-
najethylfether and NAN-bis(N N -dimethylami-
nocthylimethylamine as blowing catalysts: tri-
ethylenediamine (dissolved) and dibutylin di-
laurate as gel catalysts and potassium ac-
elate  (dissolved) and 1,3,5-tris{3-{dimethyl-
amino)propyDhexahydrotriazine as trimeriza-
tion catalysls.

Foam stabilizers (see Section 3.3), also called
surfactants, are required o prevent the small
bubbles in the liquid reaction mixture from co-
agulating. Fing-celled foams can be prepared by
using Lthese products. To produce foams with a
fine cell structure, some air (or other inert pases)
may he dispersed into the palyol componcnl or
into the reaction mixture for nucleation, A fine
cell structure i important for a low thermal con-
ductivity. Chemically, most of the products used
in the industry are polyvether-modified polysilox-
anes, The structural variations possible by us-
ing different polyethers and dillerent prelysilox-
anes lead 1o the great number of products avail-
able on the market, optimized for various pur-
poses. Some of these purposes are: flowability
{describes the expansion of the foam inlo narrow
cavities), adhesion {0 [acings (the force required
to remove the facing), fine cell structure {(small
cells of similar size), and flammability (resistiv-
ity 1o flames or high temperatures),

Flame retardants {see Section 3.5) are used
o make the foams less lammable, The meth-

ods Tor testing lammability are manilold, How-
ever, official requirements regarding Aammakbil-
ity are in place for some applications, ¢.g., in
the construction industry. Since PUR foams are
based on organic molecules, it is only possible
ty achieve certain Qammability classifications
within the group of Aammable materials, Flame
retardants used in the field are osually sub-
stamces based on halogens andfor phosphorus,
Some products have OH groups, so they can re-
act with isocyanate and are incorporated into the
macremoelecule; others are nonreactive. Exam-
ples of reactive flame relardants are polyethers
made from dibromobutenediol and epichloro-
hyvdrin ar brominated aromatic polyester poly-
als, Examples of nonreactive lame-retardants
are irisi2-chloreisopropyliphosphate, diphenyl
cresy] phosphate, and dimethyl propyl phospho-
nate. Apart [rom red phosphorus, which is used
in the production of rigid slabstock foam by
lowwe-pressure mixing, solid flame retardants have
hardly been used in the field of rigid [oams,
A technigue has been developed for process-
ing solid fame retardants continueusly on high-
pressure machines [189].

7.3.2. Processing

Mixtures of the raw materials mentioned above
arc processed to produce rigid foams. The foam-
ing process is described and monitored by peri-
ads of time taken from the start of mixing:

The cream twe is the time until the reaction
mixture starls o expand. At this point in Gme,
the exothermic reaction has heated the reaction
mixture 1o a temperature al which the blowing
agent is slarting o evaporate. The gas formed
remains in the reaction mixiure and forms small
bubbles that grow with increasing temperature
andl further formation of gas.

When the cross-linking of the polymer has
progressed (o the point where the liguid reaction
mixture starts turning intoasolid the gel time can
be ohserved, This is mostly done by prodding the
Coam with a small stick. When fibers of polymer
are pulled from the rising foam the gel time has
been reached.

After that the foam conlinues to rise to its
final height (rise fime),




The tack-free time 15 the 1ime required Tor the
surface of the foam o lose its tackiness. The
tack-free time may occur before or after the rise
Lime.

The time required o cool down the foam de-
pends on its thickness. For slabs | m in height it
takes more than 24 h until ambient lemperature
is reached in the core, In all processes the foam
applies pressure on the compartment in which it
is contained. To keep the parts produced within
their specified dimensions, the molds must with-
stand this pressure until the foam has reached a
minimum strength and the part can be demolded
idemold time). o conlinuous processes, Lthe line
speed needs to be adjusted 1o keep the foam in
the muchine for the fime required to cure suffi-
ciently. For thicker parts the demold limes are
longer than for thinner parts, and therefore the
line speeds in acontinuous production are slower
for thicker parts.

Preblending some of the components-usually
into the polyal side-for easier operation can be
done at different levels, It can be performed by
the raw material supplier or by the processor
This depends mostly on the variability required
lor the respective process (e.g,, adjusting reac-
Livily in contnuous processes),

A discontinuous process {sometimes called
a one-shot process) s used in cases where par-
ticular cavitics are 1o be filled, such as in the
production of refrigerators, freezers, insulated
containers, and certain sandwich panels. Figure
249 shows the principle of filling refrigerator cab-
inels.

G L L

Figure 29, Principle of Glling refrigerator cabinets
Ay Do openiing on Lop; B Door opening o bollonm
i) Four-in opening; b Veotilarion openings

Figure 30 shows the discontinuous produc-
tion of sandwich panels in a multistage press
using the mixing head pull technigue.

In most of these applications only one type of
reaction mixture is used for the whole produc-
tion range. Here all the necessary components
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are preblended into the polyol so that only two
components, 1.e, this polyol formulation and the
isocvanale component, must be provided. The
components are tempered and metered to the
mixing head by high-pressure pumps, The mix-
ing itsellis performed by using the high-pressure
impingement mixing lechnigue. The amount of
reaction mixture necessary to fill the cavity iy
determined by the volume of the cavity and the
density of the foam. The duration of the dosage
is then given by the output of the pumps, This
shot tme must be shorter than the eream tme 10
avoid pumping liquid reaction mixture into an
already expunding foam, In so doing, the foam
wiould be partially destroyed with negative el
fects an all of its properties.

In the continuous production of composite
panels and insulation boards on double con-
vevor belts, the high-pressure impingement mix-
ing technique is alsa used in most cases. The
principle of this process is shown in Figare 31,
Here the low weight of the mixing head and the
hoses leading to it enable the oscillating of the
mixing head across the moving botlom facing
for an even distribution of the reaction mixture.

In the special case of the production of insu-
lation boards on high-speed laminators at ling
speads of up e 60 mdmin, the high-pressure
impingement mixing lechnique 15 used in most
cases, bul withoul oscillating the mixing head.
The oscillation frequencies to ensure an even
distribulion of the reaction mixture on the hot:
tom facing would be too high,

Here even distribution is achieved by passing
the reaction mixture through a nacrow gap be-
tween the top and the bottom facing (calibration
technique). By this technigque the small voids
near the top facing that ocour with the oscillat-
ing mixing head technigue are eliminated. Tn all
these applications it is necessary to adjust the re-
activity of the reaction mixture according to the
thickness of the hoard or panel, Also the amount
of blowing agent must be adjusted. This means
that the degree of preblending is lower than ina
discontinuous process, Catalyst, blowing agent,
and possibly other additives are metered sep-
arately into the polyol stream. Thus, only two
companents are finally led o the mixing head,
keeping the moving weight low for the oscilla.
tion.

In the contmuous production of ngid slab-
stock [oam low-pressure mixing is used due
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| approx. 28 m

-

approx, 13 m—

[

o

Figore 3. Production line for the discontinuous production of PUR composite elements

a) Plates of the press: b Camice oo eolls Tor the hoses leading to the mixing hewd; o} Lifting device: d) Foam machine; e}
Chiving elements for horizontal movement; Ty Cable holder: g) Devdee for closing the press; by Closing cap for each unil: i)

Mixing head with hoses; ) Opening device; k) Metal facers

AR G R e
Figure 31, Prnciple of te continweeus produ
A1 With flexible facings; B With profited meal fcings

T

crion of insulation board

a1 Unwinding device; b Lay-dawn with mixing head; o) Means for folding paper: 3y Foaming meaction migpere; o) Com-
pression; £ Cooling arsa: ) Longilodinal cowing: ) Transverse cutting; i} Ceil unwinding: 3} Corrugation volls; k) Heating
elements; 1) Gate with moving high-pressure impingement rmixiong bead

to the high output. Here the components arc
metered into g mixing chamber and mixed by
a mechanical stirrer, Separate metering of the
companents into the mixing head can be used.
Preparing & polyel component containing all
necessary components is also possible and al-
lowes for a certain quality conirol prior o foam-
ing.

7.3.3. Properties

The most important property of rigid PUR foams
is its low thermal conductivily, which 15 the
lowesl among the different insulation materiaks
available by a significant amount. This allows
For a smaller thickness of the insulating layer to
achigve the same insulation value, The thermal

conductivity of closed-cell PUR foams in the
density range 25-60 kg/m? depends not so much
on the apparent density {usually the thermal con-
ductivity increases slightly with increasing den-
sityd but is dominated by the thermal conductiv-
ity of the blowing gas. The thermal conductivity
can initially be near (L020 W m—! K1, and af-
ter geeing (cell gas diffusion) typically is in the
range of 00250030 Wm—' K™1.

The adhesion Lo substrates is important Tor
composite constructions. The foree needed Lo re-
mve the foam from the substrate is the criterion
used 1o judge adhesion.

Mechanical properties  like  compressive
strength, tear strength, and shear strength are
also important in Joad-bearing applications,
Thetr values strongly depend an the density and
the cell structure (Fig. 320
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Dimensional stability must be given under the
conditions of use of the respective application.
Dimensional stability s tested at low wempera-
tures (e.g., for freezers) and at high temperatures
(e.g., for hol water tanks).

Flammability is a very impartant property of
the foam or the composite or both, depending
on the tesr that needs (o be passed. Various tes)
methods are in place, most of them in the con-
struction and transportation industries, For ex-
ample, a harmenized test for the construction
indusiry has been introduced in the EU, The
new test procedure comprises a lest on the [oam
{small burner) and the single burning item (SB1}
test oo the final product under end-use condi-
tions, Other test procedures, e.2., those set up
by insurance companies, are alsa in place,

Faor the different applications the importance
of the various properties is priovitized differ-
ently.

For appliances (commercial and domestic re-
frigerators, freerers, ot waler Lanks), a low ther-
mial conductivity is of top priority. In these ap-
plications a maximum uscable space 15 desired
at minimum or given outer dimensions, For this
reason, the thickness of the insulation is Hm-
ited, and only with a foam that offers low ther-
mal conductivity can the energy comsumption
be minimized. Dimensional stability at low and
high temperatures is the other important prop-
erty here. In the low temperature applications
the foam also fulfils a structural task, it forms a
type of sandwich structure with the inliner and
the outer facing.
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Preinsulated pipes are mostly used for dis-
iriet heating, Here the thermal conductivity and
the lifetime expectancy are the important prop-
erties, Accelerated ageing tests at elevated tem-
peratures are performed to ensure a lifetime of,
for example, at least 30 years according to EN
233

Insulation boards, predominantly those with
Facings (aluminum foil, mineral fleece, papers)
produced on double conveyor belis, also require
Lo thermal conductivity and dimensianal sta-
bility, On larger insulated arcas, c.g., fat roofs,
shrinkage would lead to areas withoul insulation
doe 1o gaps between the boards, while swelling
might make the boards Lift up and break the pro-
tective cover, For decorative boards also the ap-
pearance is imporlant, Wrinkled facings, mostly
aluminum foil, or sink marks due 1o voids under
the Facing are unacceptable here, Since most of
the products are used in construction, Namma-
hility is also an important property.,

Composite panels, mostly produced contin-
uously on double conveyor belts with profiled
steel sheels as facings, are mainly used in the
construction af walls and rools of large buildings
like: warchouses or factory buildings, The pre-
fabricated sell=supporling panels are attached 1o
a hearing frame construction, so that the com-
plete wall or roof can e put together very fast,
The most important properiies here areadhesion
of the facings, dimensional stability, Tammabil-
ity, and thermal conduclivity. The appearance is
also important, especially for panels in facades,
The thickness of the pancls depends on the use
af the building. For cold storage houses, where
poods are stored at —40°C, panels up to 24 cm
thick are used. The thickness of panels [or [acto-
ries (Trom about 200 to 100 mm) depends mostly
on the local climate. Discontinuousty produced
panels may have locks for connecling pancls
with one another that are incorporated into the
foam during the foaming process, These pan-
els can be used without bearing constructions,
ez, for walk-in-coolers, Another application is
the use of pancls in roll-up doors; large ones lor
truck entrances inindustrial buildings, and small
ones for privale sarages.

Slabstock foam is made for applications
in very dilferent fields. A few examples are
iven here: low-temperature insulation (ligquid
pas tanks, also in ships); refrigerated contain-
menis lor lorries, where the foam is covered with
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glass reinforeed plastie; insulation for parts that
are difficult vo mold such as valves and flanges
there the foam is mechanically shaped); wedge-
shaped boards to give flat roofs a slope; and
others, Different properties are required in these
dilferent applicatons, so rigid slabstock foam is
a specialty field. Foams with a range of den-
sities from about 30 1o over 200 kg/m®, dif-
ferent lammability classifications, foams with
slass fiber reinforcements, and other variations
are found here,

7.3.4. Special Types

Foam from pressurized cans, mainly  one-
component-foam, is vsed for mounting and fix-
ing applications such as windows and door
frames. Here all the raw materials, including
blowing agent and isceyanate, are blended in
the can o form a prepolymer with residual NCO
groups. The propellant, that is, liquid under pres-
sure, acts first as thinner for the prepolymer,
When expelled the propellant acts as blowing
agent to produce the foam, The foam itsell is
usually an open-cell product,

A few special types of open-cell Toam exist,
such ax thermoformable rigid loam that is vsed
in passenger car headliners, foam for fower-
arranging purposes, and packaging loam. Re-
cently some attempts have been taken 1o evac-
wate open cell foam 1o reduce the thermal con-
ductivity even [urther. One problem here is (o
find suitable facings that ensure thal the vacuum
15 maintained during the lifetime of the product,

[n certain cases the foam must be applied
in situ, Two methods are predominant: spray-
ing and layer-by-layer application. Spray foam
is mostly used for the indusirial insulation of
storage lanks or in the insulation of buildings.
While spray foam on walls is only for insulation,
foam on roofs s also applicd lor sealing pur-
poses. Two-component systems are used here.
The components are fed through heated hoses
o the mixing head, which is designed like a
spray gun, The reactivity of these syslems is 50
high that the foam cures within a few secands.
In laver-hy-layer application the reaction mix-
ture is poured belween two substrates, e.g., the
outside of a tank and the casing. This method 15
used where the application ol the foam in a fac-
tory is not possible,e.g., because of the size of

the tank, Here also two-component systems are
used, In both cases special attention must be paid
to temperature and humidity conditions. Foams
should not be appliecd on cold or moist surfaces.
Oiherwise, problems with bonding the foam io
the substrate may resull.

Polvisocvenurate  (PIR) fooams  [190-
195], more precisely o be understood  as
polyisocyvanurate-modified PUR foams, are
prisclucts in which isocyanurate siroctures are
incorpotated into the macromolecule, These
structures are formed due to the reaction of ex-
cess isocyanate with itsell. Special (rimeriza-
tion) catalysts are required, Three NCO groups
form the cvelic isocyanurate structure, which
shows a higher decomposition lemperature than
PUR groups. Therefore, these tfoams are used
where flammahility or beat resisiance 1s an issoe,
However, this highly cross-linked structure in-
creases the brittleness of the foams. The overall
cross-linking density is contralled by the use of
low-Tunctionality polyols. In the continuous pro-
duction ol insulation boards on double conveyar
belts, which is the major application For this (ype
of Foam, the PIR structure is usually combined
with {aramatic) polvester polyvols. The higher
decomposition tlemperatures of esters compared
o ethers also leads w an additional positive
effect on the Jammability of the foam. In the
manufacturing of these foams, special allention
miust be paid 1o the temperature of the laminator
hecause the trimerization only takes place at
temperatures above 60 °C. Apart from the re-
duction of hrittleness the polvols have the task
of healing the reaction mixture by their exother-
mic reaction with isocyanate. When the required
temperature is reached, the rimerization starts,
which can often be observed as a second phase
in the expansion of the {oam.

7.4, Integral Skin Foams and R1M
Materials [196-198]

Integral skin or self-skinning foams are prod-
uets with a cellular core and a cell-free surface
that are Tormed in a mold in a single operation
(Fig, 33), Parts made by the reaction injection
mcdding (RIM) process are microcellular mate-
rials with a high surface quality that are mostly
painted.




A

Denstky, 95om”

Figure 33, Principle of density diseibution forinteerl foam
boards of 10 mm thickness il various apparent densities:
AT pfem™; By 06 glom®; O 1L glom®

T.4.1. Applications

Flexible sell-skinning foams are used mainly in
the automaotive, furniture, and Tootwear indus-
ies. Typical automotive applications are steer-
ing wheels and gearshill knobs, but alse armrests
and headrests (Fig, 340, In the footwear industry,
integral skin foams are used for soles of sport,
leisure, and safety shoes.

RIM materials are used for exterior auto parts
like lenders (Fig, 354), panels, side protection
and window encapsulation, but also lor other
exterior parls in agricultural machines or recre-
ational vehicles like snowmaobiles (Fig. 358),

Rigid integral skin foams or RIM materi-
als can be used in many different applications,
mainly for structural parts. They can Gavorably
compete with wood, thermaoplastics, thermosets,
and metals, They are vsed for furniture, skis,
pump housiogs, window frames, decorative ap-
plications, and housings, just tename a few char-
acteristic applications,

T.4.2. Production

[ntegral skin Toams are mostly manulactured in
metallic (aluminum) or epoxy molds. Skin for-
mation is controlled by addition of a low-boiling
salvent in amounts of about 2—10 wt %, rela-
tive to the palyol mixture, Aler the banning of
CFCs and HCFCs, currently HFCs (hydrofiuo-
rocarbons) or alkanes are used. When using alka-
nes, special precautions must be laken because
of their lammability.

Thermodynamic equilibrivm between  the
lgquid and gaseous phases of the blowing agent
in the reaction mixture is crucial for the forma-
tion of the elosed surface. The mold wmperatore
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is kept between 40 and 60°C, and the reaction
mixture in the vicinity of the mold surface has a
lower temperature than the core (up to 140°C),
I the core the Blowing agent vaporizes, while
near the edge it condenses, with formation of the
solid surfuce,

The quality of the surface depends very much
om the quality of the mold, but precise contrel
of the processing pressures and lemperalures is
also required,

I special cases Formation of an integral skin
15 possible without the addition of physical blow-
ing agents, For this, temperature-controfled car-
bon diexide formation from the NCO/HO re-
action must be achieved,

High-pressure metering and mixing units are
necessary for manufacturing of RIM parts, The
processing of these materials, which are maostly
of high reactivity, also requires closed, metallic
molds and a clamping unil. To obtain void-free
parts withoul porosity the reaction mixture must
enter the mold cavity through a gate designed to
ensure laminar low. Alsa, correct venting of the
mald at the highest points and nucleation of the
reaction mixture by air or nitrogen are important
for good quality,

Adter demolding, the parts must be trinmmed,
ancl gale and flash must be removed. The sur-
face is prepared Tor painting by removal of the
release agent by washing or sanding.

7.4.3. Properties

Depending on the field of use, soft-clastic mold-
ings have densities of 100300 kgfm®, flexible
molded articles 400-600 kg/m®, and the rela-
tively hard, microcellular elastomers 900-1 100
kgfm®

Technical data for a typical soft integral skin
foam ol low density;

Thensily (150 845; A00 kadm
Bhave A lardness (OIM 53505) R

Tensabe strempth (DM 53504 4 WP
Elemgation ut break (DN 515043 AR
Tear nesismnce (IS0 24) 1.4 kM

Compreasion set (25 500 by W 150 14568 25%

Mechanical properties of a flexible molding
of medium density used in the footwear industry
{2z, polyesier sysiem):
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Figure 34, Use of PURS in the passenger ¢ar

Ay Bighd dneegeal feam; B Rigid integeal foam, glass-mat rednforced; ©) Hot-maoldable rigid foam; D) Semi-flexible integral
foam; Ei Semi-flexible integral foam, glass-fiber reinforeed; 1) Seni-Bexible [ling foamng () Sceni-feaible lling foam,
inpact-encrpy-ahsorbing 3 HE Flexible molded foam: 1) rigid foam; 1} Hot-=soring PUR elastomer: K) PUR mbber

B

Figure 35, Use of integral skin foams and KIM malerials
A0 Fender af the YW Touareg: B} Snowimnohile

Pensey (150 B45) SOk kgt
Bhore A hosdneis (10 51505) on 50

‘Tensile strength (150 17598) -8 hPa
Elengation ar break {150 1798} AS0-550 %
Tezr prograpation suength (150 345 18315 kNN
Ahrsion Ioes (1M 33516) F-100 mg

Mechanical properties of o microcellular
elastomer molding of high density (e.g., auto-
miotive body partsk:

Densivy (1500 845} TUH - 50 kgim™
Shore 12 harcbness (DIM 55505) ad ol A

Tensile strenpth (11 53504) FA D M
Elenguticn ol break (2N 52506403 S0HD A 20 R

Tear propazation streagth with col (150 534y 80 -F 10 ENm
Madulius of elastivity necording 10 Ruoelip
al =M

at+ 2070

at 4 657

18000 - 106 B Pa
il ok 0 M
360k 30 M

b}

The wechnical data of rigid integral skin foams
depend very much on the density, which can be
anywhere between 150 and 1100 kg/m?, Typi-
cal propertics of a lna-densily rigid integral skin
foam, as used For imilation wood Tollow:

P (1500 #45) A kg ®
Shiore [ hawdness (FIM 535005 58

Flewurn] stremgeh (15 17483 Ak MFa
Flesural modulos of elasticity (130 178 520 MFa
ropat strengtlh (TS0 G003 10 K lm?

Hapd dfeflestion tempesaiuge (150075 OO

High-density rigid RTM materials, which are
tvpically used al wall thickness between 3 and 5
mm, have the follewing characteristios




[xznsity (1500 1183) [ L0 gt
Shore B hardness (0N 53505) inh

Fliesunl srengih {1500 175) 253 My
Flexural madulus of elasticige (050 17E) UKD M P
Tensile swrength (150 527) 53 MFa
Elongaaon al break (150 520 14
ot strenpth {E54 179 45 K)m?
Hest deflection lempenttone (150 75) Hsig

When flame retardancy Lesls are also consid-
ered, RIM materials are capable of passing burn-
ing tests such as UL 9430 (Underariters Lab-
oratories) or B2 (DIN 4 102) by the additon of
Hame retardants.

Both flexible and rigid R1M materials can be
reinforced with short or long glass or mineral
fibers and also glass mats or mats made of natu-
ral fibers, These composile materials show con-
siderably higher stiffness and especially impact
strength,

8. Noncellular Polyurethanes

Although the term “noncellular” is unambigu-
ous, the terminology of the products treated
in this chapter requires explanation. “Cellular
Vulkollan,” well known from the early days of
PURs, already breached the borderline of pre-
cise delinition. In practice, this material was nat
considered a “foam,” although it can beund oualy-
edly classified as a foam [rom a strictly physi-
cal viewpoint because of its cellular structure.
however small the few cells may be. The RIM
technology has made the definitions even less
distinet due 1o the lerminolosy of “microcellular
elastomers™ on the ong hand and “solid integral
parts™ on the other, In this chapler the problem
ol delinition 15 solved ax Tollows: All products
which are based on a formulation that usually
teads to a foam are classified as “foams,” even if
cell-lree solid materials can be ablained by rais-
ing the apparent density (less blowing agent).
Similarly, products which are based on Formula-
tions that usually result in noncellular materials
are classified as noncellular PUR, even though
they may be cellular, and these materials are
treated in this chapter.

There are two diflerenl processing technolo-
pies for manufacturing these noncellular PURS,
Liguic, low molecular mass raw material sys-
tems are converled (o high molecular mass prod-
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ucls by the reaction of the polyol and polvisocy-
anate components by cold or hot curing. Linear,
high-molecular-mass raw material systems are
either thermoplastically processable pellets or
urethane rubber are processed by vulcanization
lechnologsy.

%.1. Cast Elastomers

Cast elastomers are mostly solid, noncellular
materials, prodoced in a low-pressure casting
process from ester or ether prepolymers of MDI
T, and W (see Section 3.1,1) and a cross-
linker such as butanediol. IT waler-containing
cross-linkers are used, cellular elastomers can
also be obtained.

8.1.1. Applications

The highest quality elasiomers are those de-
rived from NI [Tradenames: Volkollan (Bayer
WaterialScience), Cellasto (Elastogran)]. They
are used where materials must meet extremely
high requirements regarding  durability  and
mechanical properties. Examples are high-load
rodls and wheels for forklift trocks and ma-
chines, hydraulic seals, membranes, valve seats
and balls, sceapers, and sieves, Cellular NDI-
based elastomers are widely used in the automo-
tive industry Tor bouncers and spring supports
i(Figs. 34 and 36),

Hot-curing elavtomers based on MD1 or TDI
are used, e.g., for bottle stars in automatic filling
michines, culting wheels for fiber production,
roll covers for the paper and printing industry,
and wheels lor in-line skates and skateboards,

Crld-cnving PUR elastomers are used as
binders for the surface of playerounds and spart
tracks. These surfaces are very durable, require
little maintenance, can be used under all weather
conditions, and reduce the risk of injuries. Other
applications are seals Tor stoneware pipes, pol
ishing disks, protective edges, and permanent
fenders for boats. Cold-cure elastomers can also
be spraved on concrele or metal Tor corrosion
profection and are used for the surfacing of
bridges, parking decks, and werraces and for lin-
ing of wagons and trucks,
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Figure 3. Use of cellular Yutkollan as supplementary
speing in the passenger car

5.1.2. Production

The raw materials used are low molecular mass
glyenls or amines, polyester or polyether poly-
ols, and (modified) MDI-, TDI-, or ND-type
isncyanales.

The elastomers can be manulactured in a
two-step or a one-step procedure, Figure 37
shows a typieal line for the production of
high-quality elastomers, as is used for NDI-
hased high-performance materdals. The system
passes through several stages: dehydration of
the pobyester (a), production of prepolymer from
polyester and diisoeyanate (b), degassing of the
feed component (ch, admixing of cross-linking
agent (d), atmospheric-pressure casting in open
modds (e, 1), and fully coring the molding at 100-
3004C for several bours (), This processing
technigque even allows the production of velumi-
nous and thick-walled parts in relatively simple,
inexpensive malds with low cnergy consump-
tien, Depending on the system (o he cast, steel,
aluminum, and in special cases plastics or woaod
can be used as the mold material,

For MDI and TDI stable prepolymers are
commercially available, so that a one-step pro-

cess can be used. The reactivity of the raw male-
rials varies widely, Casting times between 2 and
60 min can be realized.

Cold-casting systems are usually processed
with a casting machine. For some formulations
that have a sufficiently long pot life, the starting
components can also be hand mixed and cast,
In this case the charge volumes are limited to a
few liters. The reaction mixtures cure, withoul
an external heat supply, within widely differing
curd lmes, from less than 10 min o a maximum
of 24 h, The castings reach their final strength
after ca, 7 d stlorage atl room temperature.

8.1.3. Propertics

ND1-based elastomers have alemperature range
for continuous use between — 30 and +807C. Ad
lemperatures below 0°C the matedal becomes
increasingly hard and inglastic, though there is
novdanger of fracture. Embrittlement oceurs only
at very low temperatures (helow —307C).

NI elastemer {(Vulkollan) is resistant to min-
eral vils, grease, gasoling, and most organic sol-
vents, Gasoline and some solvents cause some
swelling, bul this does nol impair its mechanical
properties if the salvents are able o re-evaporate.
Concentrated acids, alkalis, and other hydrolyz-
ing media attack NDI elastomers. By incorpo-
rating additives or using special polyesters the
hydrolytic stability can be increased so that the
service life of the elaslomers becomes adequate
for a wvariely of uses even under extreme condi-
tions. Mechanical properties of WD elastomers
are listed in Table 8

Cellular NOU elastoners can be produced
with densities of 300-700 kg/m” and are charac-
lerized by their high capahility of absorbing en-
ergy on impact, The material can be compressed
by up to 80 % of the original volume without
damage. Damping units with various compres-
sion deformation characteristics can be manu-
factured from ceflular Vulkollan by varying its
apparent density, preferably in the range 300-
B0 kefm,

Het-casting svstems with a base ather than
N are produced with Shore hardness grades
rom ca. 55A 1o 65D The other mechanical
properties and the chemical stability are basi-
cally comparable with those of NI elastomers
withoutl reaching the same levels, especially in
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i

Degazsing of the
feed component

Figure 37, Flow chan for production of high-quality elastomer (e, Yolkollan/Bavice)
a) Dehydrogenation af the polyester: b Prepolymer prodoction; <) Crosa-linker; &) Casting machine: ¢ Mald Uramse; £ Hoeating

oven (thermal postineatment )

Talibe & Mechanical progrenies of a hot-casting sysbem (e.g., Vulkollany®

Property Vulkollun type

(RN 14 n i
Shone hordness AT (DIK GE20 2373 SR SR
F3505)
Drensity (150 1R, kefm™ 125 125 126 120
Adsrasion loss=s (0N 45 =50 A5 - 50 Atk i 43 = d8
S3516% mnt®
Tair propagation stength 20-30 Al 55 a7 -8 H5-90
aveording to Grives (150
3y, KNim
Trpact resificnes (DT A8 55 &5 -5 45-50 4550
53312),
Tensile strengih (1214 AL -4 A0 -6l 1745 M- 43
S35040, MPa
Flomgration ab break (DN 600700 G =TS0k S0 - HAG LA B 4]
SREM, R

e propertics listed hire can only be regarded as approximate. For Yulkollzn amieles an the marken, the qualiny chassesistios specified by

teer mamudfzsturer are applisnble
“#Relative to abrusion-reststant grade of natural valdbes (= 0005,

dyvnamic stability, They do not, however, reach
the high valwes of Vulkollan in all poinis, as
is also clear from the lower dynamic stability
under load. MDI and TDI elastomers cannot
replace Vulkollan but are used as supplemen-
tary products, primarily in felds where the high
quality of Yulkollan is not absolutely necessary,
where a system with long casting time is advan-
tageous for producing large-volume and thick-

walled maldings, and where short demelding
times are desirable for producing large serics.

Coled-curing products have a good elasticity,
high flexibility, and a variable Shore hardness in
the range of ca. 20A to 650, They are highly
resistant 1o aging and microorganisms and are
nod attacked by dilute acids and alkalis, mineral
oils, soaps, or detergents. Organic solvenls cause
various degrees of swelling.
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8.2, Thermoplastic Polyurethane
Elastomers (TPL)

See also — Rubber, 3. Synthetic, Chap. 7.3, —
Thermoplastic Elastomers, Chap. 2

Production. Dilsocyanate  (usually WD,
polyols {polyester and polyether polyols), chain
extenders (butanediol), and the necessary auxil-
taries are reacted incontinuous plants viamixing
heads or in reaction extruders. Afier solidifying,
the product is processed further 1o pellets, The
TPU can he processed further by, ¢.g., injection
malding, extrusion, calendering, or blow mold-
ing Lo give finished or semi-finished products,

Properties. The principle of “wilor-made
plastics” applies to the properties of thermoplas-
tic PURs, as wo all PURs, A very wide range of
properties is available hy careful choice of the
starting materials, This is shown in Figures 38
and 39 as well as Table 9 Tor three selected ex-
amples.
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Fignre 3. Shear modolus for warious TPUs (e
Desmopant
a) Twpe 385, bl Type 900 0] Type 460

{ises, The TPUs are valued as high-grade
polymeric materials in many induostrial branches
for a great variety of constructional parts, Table
1t shows examples of their use inrelation 1o their
Shere hardness, Glass-fiber reinforced tvpes ane
used for bodywork unils.
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Figure 3. Mechamical loss [acter for varions TPUs {e.g.,
Desmepan)
) Type 385; b Tepe Y900 ) Type 460

Tuehbe Wk Typeeal applications for ditferent grades of TEL

hariliess rangs Lises
Slioae & Shons [
T4 -5 ] anbrancs, seala. dumping unils,

stewe unte, hoses, cable sheatings

G- 35 35-45 arbma ] et heation mockings, roll
coverings, kxdhes] belts, sport shoe
soles

= RS A5-5% seals, Hanges, mibls, preonatic

557 bzaringy, bashes, conpecior, ball

sockies, qeals, coupling unils, ski
Bistdegs, hoel picocs

Tabtle 9, Mechunieal properies of shiferent tvpes of TPU (e, Desmopan)

Froperly Iasrnapal syaiem

e 4 790
Sl hardness A (IS0 Bad) 613 GED ' g
sty (150 1183}, kalm™ 1200 1210 1210
el givength (1540 527-142), MPo Al A5 55
Elonguticn i break (I50) 523- 1033, % 450k 30 450
Tear propagation resistanee (150 34- 1, kNm ) 120k "4
(et esilienoe | TS0 46632, o 42 35 n
Almision loss (ESC AT, oy an A0 n




9. Polyurethane Coatings [199-201]
See also —» Paints and Coatings, Chap. 2.9

PUR coatings offer a large variety of ouwt-
standing properties, which make them suit-
able for many high-performance applications,
PUR coatings have polymeric structures with
urethane, urea, bioret, or allophanate coupling
groups, They are generated either fram reactive
systems by polyvaddition of oligomeric polyiso-
cyanates with palvol components, or from high
malecular mass adducts which are further cross-
linked by physical drying or other mechanisms,
The nature of the isocyanate building blocks
{aliphatic or aromatic) and the soructure of the
backbene are important. Film mechanical prop-
erties are dependent on the structure of the
polymer (segmented, interpenetrated networks)
and cross-link density. PUR coatings are avail-
ahle solvent-borne and, as a result of the rend
io reduced emission systems (low VOC), as
high-solids, waterborne, solvent-free, and pow-
der systems. Important PUR systems are sum-
marized below,

Two-component coatings are the most im-
portant {solvent-borne) PUR painl systems. The
primary component is always polyisocvanate
(mainly HDL IPDI or TDI derivatives), The
other component consists of polyols (polyvester,
polyacrylic) or amines or a mixture thereof and
any additional ingredients such as pigments o
sobvents. The reactive components must be kept
separate. Mixing, preferably of an equimaolar
cquivalent, is done immediaiely before appli-
cation, The coatings system can be applied by
all conventional coating methods, but preferably
by spraving or, industrially, with automatic two-
component equipment. The solids contents ol
the coatings are usually higher than with stan-
dard coatings and can reach 80 % (pigmented
high-solids). depending on the formulation. Cur-
ing Lakes place at ambient temperature, but can
be accelerated by heal. Outstanding film prop-
erties such as high mechanical resistance, high
chemical resistance, and, with aliphatic polyiso-
cyanates, excellent lightfastness and weather re-
sistance, open up a hroad range of uses, Major
areas of application are transportation (laree mo-
tor and rail vehicles, aireratt, automahile finishes
and refinishes), the building sector (wood and
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mineral substrates), industrial paints, and steel
consiruction,

Cme-component coatings include air-drying
and stoving systems. The most important are
solvent-horne, isccyanate-terminated prepoly-
mers ol higher molecular weight made from are-
matic or aliphatic isceyanates (MDL, TDI, HDI,
IPIM ) with polyols. They react with atmespheric
moisture 1o form urea linking sroups. Although
the final properties are camparable to those of
two-componenl PURS, curing of these systems
is slower, which limits their use mainly 10 wood-
Nooring coatings, corrosion protection, and ap-
plications an mineral surfaces,

The reaction of TDT or [PD with polyaol-
modificd drving or semi-drying oils generates
urethane alkyds, which can be cored oxidatively
by adr drying) like alkyds,

The isocyanale groups of prepolymers can he
reacted with agents containing, e.g., acidic CI1
or NH groups to form blocked isocyanales (ses
Section 3.1.3% Their mixtures with polyaols are
stable at room temperature, but react at elevated
temperatures ( 1 20-220C, depending on the na-
ture af the blocking agent), The resulting films
havea very hizh mechanical resistance, They are
particularly important for astomoetive [inishes,
inclusirial goods and coil coating,

Powder coatings consist of a comhination of
solidd polyals (mostly polyester or palyacrylate
polvels) and solid blocked polvisocyanates as
the cross-linker, e-Caprolactam was the most
commonly vsed blocking agent but is being re-
placed by ather blocking agents. An allernative
method, avoiding the use of an added block-
ing agent is the dimerization of the isocvanale
groups W uretdiones, During stoving (10-25 min
at [50-2107C) isocyanale groups are liherated
and undergo cross-linking, PUR powder sys-
temns are used in many industrial applications,

Walerborne coatings are growing continu-
ously in importance, due to the requirement that
emissions should be reduced. A variety of sys-
lems are available, comparable to solvent-borne
coatings. Cne-component systems are based on
self-emulsifying polyurethane or polyuerethane.
polyurca dispersions. They are manufactured by
processes which allow the production, in con-
trast (o solvent-borne PURs, of any molecular
weight withoul having 4 signilicant impaect on
viscosity, and with only small contents of sol-
venls or no solvent at all, These products are
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used in physically dried films for more flexi-
ble substrates like textile, paper, and plastics.
One-component polyurethane/palyacrylate dis-
persions based on aliphatic or aromatic isocya-
nates are used for coating parquet fooring, Tnad-
dition, UV-curing PUR acrylate dispersions are
used in industrial wood and furniture finishes,

One-componenl  stoving  syslems  conlain
blocked polyisocyanates emulsified in OH- or
NH-containing dispersions {cpoxy polvester,
acrylic). Important applications are antomotive
coatings (electrodeposition coating, primer sur-
facer) and other industrial coatings,

Reactive waterborne  two-component 5ys-
tems are hased on polyisocyanates (HDL, IPDT)
and aqueous OH-Tunctonal dispersions {poly-
acrylate, polyester. polyester polyurethanc).
Self-emulsilying polyisocvanates reduce inter-
facial tension between the components and ease
homogenization, The {ilm properties are influ-
enced by the extent of side reactions, which can
ocour in the presence of waler, The main appli-
cations of these reactive svstems are in all types
of industrial, wood, and plastic coalings.

10. Polyurethane Adhesives [202-204]
See also — Adhesives

PUR adhesives exhibit unigue properties due
to their wide variety of compositions, their ex-
cellent adheston to most polar substrates (ability
to form hydrogen bonds), and the possibility of
chemical cross-linking.

To achieve good cohesive strength of the
adhesive bond, high molecular weight poly-
mers are necessary, On the other hand, for good
adhesion to the substrate, efficient wetting of
the surface is essential. This can be done ci-
ther by “liquetying™ the polymer by the use of
solvents, aqueous dispersions, or heat or by in
sitd polyaddition of Tow-viscosily polyals and
polyisncyanates to give high malecular weight
products. Depending on the application, the ad-
hesives can be dilferentiated as follows:

Solfvent-borne adhexives are made by dissolyv-
ing granules of a linear high molecular weight
OH-terminated PUR in a solvent like methyl
ethyl ketone, acetone, ethyl acetate, or mix-
tures thereof o .a solids content of up o 15-

20 %, The PUR building blocks are crystalline
polyester diols or polycaprolactones, aromatic
ditsocyanates (mainly MDI or TDI), and pos-
sibly a1 low molecular weight chain extender
like butanediol or hexanediol. After evaporation
of the solvent a nonblocking adhesive film re-
sults on the substrate. Due to the crystalling na-
ture of the polvester soft sepmend, this adhesive
film can be thermally reactivated al tempera-
tures between 50 and B0°C, and in this tacky
state bond ormation 1o a second coated and ac-
tivated substrate can be achieved, On cooling
down again, recrystallization leads o high ini-
tial and linal bond strength (“physical setting™ ).
To improve properties such as heat resistance,
resistance 1o solvents, water, oils, or plastisiz-
ers, bwo-component processing is possible. This
is achieved by adding a solvent-based triisocya-
nate (e, Desmodur B-Series, Bayer Material-
Science, of, Section 3,113 to the adhesive solu-
tion shortly belore application, which results in
chemical cross-linking by reaction with the OH
eroups of the base polymer and other isocya-
nate-reactive proups an the substrate (including
water), The main application foc this Kind of ad-
hesive is in the footwear industry (honding shoe
soles to uppers).

Waterborne adhesives usually consist of a
050 wi. % aqueous dispersion of a high mo-
lecular weight PUR made by the acetone or the
prepolymer mixing process, Besides crystalline
podvester diols, aliphatic isocyanales soch as
HDI or [PDI and ionic or hydrophilic groups
containing chain extenders are used as starting
materials. Properties and processing are compa-
rable to those of solvent-horne adhesives, Cross-
linking can be achieved by using solvent-free
emulsifiable polvisooyanates (e.g - Desmodur T
serics, Bayer Material Science). The main appli-
cations are in sport shoe fabrication, the furniture
inclustry {MDF kitchen cabinet door lumination
with PVC films), and the auwtomolive indusiry
{lamination of interior (rim pares with films).

Haot-melt adhesives are available in nonreac-
tive and reactive form, The starting materials for
nonreactive systems are similar o those used
for solvent-borne adhesives, but instead of dis-
solving the granules, these are cither dircctly ex-
trided onto the substrate or (codextraded to form
hot-melt films or fleeces, Another possibility for
bringing the adhesive polymer inte intimate con-
tact with the substrate (without using solvents or



water as a carrier) is cold grinding of the gran-
ules, The resulting powders (particle size < 600
pm) can be easily brought onto the surface by
scatter coating, Common to all these nonreac-
tive hot melt application forms is the (in this case
only one-component) processing by the thermo-
activation procedure described above. Applica-
tion fields are textile and film lamination,

Reactive hot melts are prepolymers of a crys-
talline or high-T, polyester with an excess of a
diisocyanate {mostly MDI-bazed). They are ap-
plied al temperatures of 60-807C higher than
the melting peint of the soft segment and com-
bine the aforementioned advantages of physical
setting and chemical cross-linking (NCOfwater
reaction). Typical application areas are book-
binding, woodworking, packaging, and the au-
temetive and construction industries,

Regetive adfiesives can be divided into one-
and two-component systems. One-component
reactive adhesives liquid at room temperature
are NCO-terminated prepalymers of {usually)
polyether polyvols and an excess of an aromatic
polyisocyanate (mainly MDD derivalives). Sel-
ting occurs by reaction with humidity and there-
fore requires at least one porous subsirate. Appli-
calions are foam rebonding, rubber crumb honid-
ing, and in the construction and transportation
fields.

Two-component reactive adhesives consist ol
a liquid polyether polvol (or a low-viscosity
polyester polyol) and a polyiscoyanate {mainly
pelymeric MDI), The two components are ei-
ther ixed and applied mmediately belore use
by an automatic machine or by using a hand-
held double carmidgestatic mixer combination.
A broad spectrum of polyisocyanates and poly-
ols is available, and the mixing ratio of the twao
components can be varied over g wide range.
Thus, i1 is possible to design the adhesive for
the individual subsirate/bond requirements, e.g..
from flexible 1o rigidd. Application ficlds are
again transport and construction, and fexible
packagingilm lamination (no porous subsiraie
necessary ),

11. Polyurethane Fibers [205]

Seealso -+ Fibers, 4, Synthetic Organic, Chap, 3
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Synthetic fibers containing at least 85 wit %
ol high molecular weight sepmented PUR [206]
are known as Blastane or in the USA as Span-
dex. The segmented structure (see Section 4.2)
aives these fibers high elasticity and makes them
easy (o stretch. The properties are determined
not only by the raw materials wsed, but also by
the svnthesis conditions, the spinning process,
and the post-treatment,

Compared to rubber lbers, the PUR [bers
exhibit superior properties such as the ability 1o
form fine filaments, sood colorability and chem-
ical resistance, and high resistance o physical
impact.

They are produced by a two step process. In
the first step. long-chain diols are reacted with
arcrmatic dilsocyanates; in the second step, the
high-melting wrethane andfor urea groups which
are necessary for the high-level properties are
introdoced by chain extension with shori-chain
diols or diamines {see Section 4,2) [207-211].

In industrial production, usually poly(ieira
ethylene glycol) [212, 213], manufactured by
rng-opening polymerization of etrahydrofuran,
is used as the long-chain polyol. [n some cases,
copolyvethers of tetrabydrofuran and 3-methyl-
tetrahycroluran are used |2 14], TF polyesters are
used as dials, they are usually based on adipic
acid and mixtures of ethylene glvcol, propylene
svleol, bulylene plyeol, andfor 1,6-hexandial.

Aromatic diisocyanates, mainly 4.4'-MDI
ad in somme cases 2,4-TDIL are wsed exelu-
sively, De to its unsymmetrical structure, 2.4-
T leads to a weaker segmented structure and
therefore o lower thermostabilivy. Aliphatic di-
isocyanales, e.g,, HIML are only used in small
amounts as modifiers.

Chain  extension with diamines usually
oives  high-performance  Elastane [215-218].
Mostly primary cyeloaliphatic or aliphatic di-
amines such as ethylenediamine and 1,2-propyl-
enediamine are vsed, Modification of the hard
segiments is achieved by adding small aimounts
of, e, Aadiaminocyelohexane,

12. Polyurethanes and Isocyanates as
Binders [219)
Panels and molded parts made ol wood chips,

fibers. and veneers are used extensively in the
furniture, building, packaging, and automaotive
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industries, These products are preduced under
heat and pressure by using a variety of organic
hinders, PURs are excellent starting matecials
for composite binders and are used extensively
in their production. They are classified accord-
ing to hinder type as polyurethane and polyurea
bonding agents.

Palyurethane bonding can be accomplished
withone-component moisture-curing syslems or
two-compeonent ambicnt-cure systems. The lat-
ter can be adjusted in reactivity to meel process-
ing conditions.

PUR digpersions are also wiilized in special
cases. In addition to adhesion, PUR dispersions
exhibit excellent film-lorming properties, This
is an especially important characteristic for the
sizing ol glass fibers, PUR dispersions meet very
specific requirements regarding film formation
and plass adhesion, critical for “matrix™ bond-
ing. The properties ol glass-reinforced plastic
depend 1o a high degree on the adhesion of the
polymer to the surface of the glass fibers,

In polyurca bonding, polyisocyanates are
transformed into polyureas al high lemperatures
in the presence of moisture and, if necessary, cal-
alysts. In addition to the physical adhesion prop-
erties of polyureas, there s also the possibility of
adhesion by way of chemical reactions between
polvisocyanate and reactive groups of the sub-
strate material, Compared o the PUR hinders,
polyureas are more rigid and hydrophobic,

Rinders based on polymeric diphenylmeth-
ane diisocyanate (PMDI) have been industri-
ally used in the wood composite industry since
1973, PMDI binders are used worldwide in the
manufacture of parficleboard, orienled strand
board {OSE), laminated steand Jumber (LSLY,
medium-density fiberboard (MIDE), and other
specially engineered wood composites, as well
as panel products based on annual plants, e.g.,
straw and sugar cane bagasse. The manufacture
of straw-based panels was indeed first made pos-
gsible with PMDI binders,

The success of PMDL binders in the wood
and straw composites industry has its origin in
the unique properties of the polyurea bond,

Motsture resistance: polyurea 15 highly
cross-linked, chemically stable, and hydrolyt-
ically resistant. PMDI binders are one of two
hinders listed in the European standard For par-
ticleboard BN 312-3/5, option 2 that require no
special testing to prove hydrolytic resistance,

Dimensional stabilite: polyurea is also hy-
drophobic and lends wooden panels improved
dimensional stability, This was demonstrated on
particleboard during three years of outdoor ex-
posure, where they showed the lowest moisture
absorbance and weight changes. This favorable
hehavior was also conflirmed by long-term siress
bending {creep testing) under severe conditions
of 40°C and 95 % H.H,

Emission-free: PMDT wood hinders contain
no formaldehyde. The resultant polyurea bond
in the linished panel is free from emissions,

High-strength properties: The cxcellent ad-
hesion propertics ol polyurea and the decp an-
choring of the bond in the wood structure leads
Lo the high strengths of the dilTerent wood com-
posite pancls.

During the manufacture and processing of
rigid PUR foams, culting and milling about 5
25 G of scrap is generated. Ulilization of this
scrap is possible by beoding it into panels or
molded parts with varying propertics. This can
technically he realized with the aid of the hot-
press technigue employing PMDI hinders, anal-
agaus o the manufacture of wood composites,
The physical and mechanical properties of ar-
licles made feom rigid PUR foam scrap can be
varied over a wide range. The properties depend
upon the type and pretreatment of the raw male-
rial, the amount of bonding agent, and the den-
sify.

Cork granulates and remilled rubber waste,
especially pecled ure tread from the recapping
process, as well as recovered serap from milling
of frozen old tires, can be converted with PUR
bonding agents 1o composite malerials, The
bonding agents are isocyanate-lerminated, one-
component, mosture-curing prepalymers or re-
aclive two-component systems. They form elas-
tic films during curing. The prepolymers are
synthesized from long-chain linear or slightly
branched polyvethers and MD types or toluene
diisneyanate andfor from mixtures of hoth. The
one-component prepolymers generally have an
NCO content of ca, 10 % and a viscosity of 1500
Lo 3000 mPa s at 23°C,

The most important properties are elastcily,
flexibility, damping capacity and void content,
They can he varied over a broad range through
the shape and size of the rubber particles, type
and amnonnt of binder, and degree of compaction.




13. Special Products

PURs are particularly suitable as wall materials
For microcapsules (see also — Microcncapsu-
lation . Capsules can be impermeable or perme-
able to the core material. The capsule wall is usu-
ally produced by interfacial reaction of multi-
functional isocyanates or NCO prepalymers and
multilunctional amines at an cilfwaler interface.
The microcapsules have a diameter of 1 to 5000
wim, depending on the droplet sive of the cmul-
sion used Tor polymer formation, The capsules
are used for a wide variety of purposes, e.g., for
the production of carbonless copying paper or
for the delayed release of plant-protection prod-
s,

Polyoxazolidinone  polyisocyanurates  are
produced from polyisceyanates and epoxy resing
in the presence of special catalysts (sce Chap. 20
They have high fire resistance, high long-term
heat resistance, and excellent electrical insula-
tion properiies [220, 221].

Water-soluble PURs are of interest as retain-
ing agents and dyeing auxdliaries, thickeners,
paper-sizing agenis, and other sizers.

CHigonrethanes with unsaturated {(c.g., acry-
late) proups can be cured by UY radiation in the
presence of photoinitiators [222], Systems based
onacrylate groups containing blocked NCO pre-
polymers have been developed. They can be
cured either by heat or by radiation (dual curing
[223-22711 and are used especially for automao-
tive refinishing paint.

14. Safety and Ecology

PUR-containing products have become an es-
sential part of modern living. For production and
processing of all of these varietes of PUR, it is
estimated that worldwide well over 300000 peo-
ple are handling PUR raw materials every day,
Far the toaicology of the raw materials, see also
—+ Isocyanates, Organic, Chap, [0 and —+ Paly-
oxyalkylends, Chap. 4.

Health, safety, and environmental aspects, es-
pecially for MDT and T (see Section 3.1.2), are
described in [228].
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14.1. Safety Precantions when Handling
the Raw Materials

When building and operating plants For pro-
ducing PUR, all laws, decrees, and regulalions
in force for chemical plants must be observed.
MWany vears” experience in handling the raw and
auxiliary materials for PUR has shoawn that these
products can be handled salely, I s a preregoi-
site for this, however, that the persons working
with them are supplied with all the necessary in-
lormation and above all, that the required tech-
nical and personal protective equipment is avail-
able and used.

Aldl socyanates, activators, and most alkanes
and halealkanes are regarded as products having
acute or chronie harmlul properiics.

- and polyisecyanates have only a mod-
erately acute oral and cutaneous loxicily, Di-
and polyisocyanales are known o have aller-
genic petential, and the human health risk due to
the acute or chronic ellect of isocyanale vapors
and aerosols {of liquid and dust forms) is con-
sicderably higher. Therefore, it is of extreme im-
portance that appropriate safely measures, e.g..
protective clothing and ventilation, are provided.

Oeeupational exposure limits have been set
in many couniries. As examples, the currently
(2003 MAK values Tor Germany are listed in
Table 11.

Table 11, German air concentrution limits {nceording 1o TRGS
SO For typical polvispcyanes {soe Section 510

_[m:r'unilt':: Adr concenianan Tl
P rng."1|1ﬂ
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The vapor pressures of the industrially most
important isocyanales al their osual processing
temperatures are listed in Table 12,

Many years’ experience in handling the vari-
ous isocyanates has shown that very effective air-
extraction systems must be present at all work-
places where TDI is processed at room temper-
ature or MDD and NDT at temperatures above
40°C. U, for any reason, the alorementioned
maximum value al the workplace is exceeded




52 Polyurathanes

Tanlabe 12, Wape preasures of the industrinlly most impectan Lagpyinales i processing empegatuse

lsocyanal: Processing temp,, ©C
TR (2A4-12.6-) 25

PRI 25

MIH 42

NDI 150k

Wipor pressioe, Pa Canc. of satuzated vigar, madn®
3 1555

< 102 =0

G 0T .65
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{e.g., on consliuction sites), the persons prescnl
in the working area must be protected against in-
haling isocyanates, wherever possible by wear-
ing suitable masks, TRGS 430 is a special Ger-
man guideline on how o analvze and monitor
isocyanates at workplaces where PURs are pro-
duced or processed,

Maore information can be obtained from lit-
erature available from the isocyanate producers,
or their associations e.g.,

ISOPA:  hupdfwwawoisopiorg
APL hupfecsw.polyorethane.org!

Palvals have been well studicd with respect
to their toxieily and, iFused according to relevant
regulations, do not present an industrial hygiene
problem, Aminopolyethers are moderately bri-
tating to the eyes and skin, and thus contact with
them should be avoided,

Awxilicory Materialy. The ready-to-use polyol
preparations, which are used to a large extent
nowadays, contain the auxiliary materials neces-
sary lor PUR production (especially activators,
emulsifiers, and stabilizers) inguantities of up to
cua. L5 we %, Toxicological studies have shown
that these small quantitics of the auxiliary ma-

lerials scarcely affect the biological behavior of

the polyols,

Polyols and polyol preparations have an ex-
ceptionally low vapor pressure; a health hazard
via inhalation is therefore not w be expected, I,
however, they contain readily volatile aliphatic
amines as activators, an unpleasant odor can be
expected,

For the rertiory amines used as catalysts, oc-
cupational threshold values inoair (MAK) de-
lined by the German TRGS SO0 (2003 are avail-
able only in some cases, ¢.g., triethylamine: 1
mLfm? {ppm) corresponding to an eight-hour
average value of 4 mg/m”. However, the intense
odor of most lertiary amines gives a clear warn-
ing of excessive concentrations.

Low-boiling chlorofluoroalkanes were used
as Mlowing aments [or producing rigid and Oex-
ible (oams in the pasi. Since these substances
are suspected of damaging the ceone layer, their
use was phased out in the late 1980s, These sub-
stances have therefore been replaced by alka-
nes and to some extent by partly halogenated
alkanes, because the blowing process cannot
he carried out with carbon dioxide {(Irom the
NCOYHL O reaction) in all cases, Since direct
contact of partly halogenated alkanes and alka-
nes with the skin leads to intense defatting and
roughness, it is important to wear impermeable
eloves and to take sood care of the skin, The
inhalation of vapors from these hlowing agents
in hizh concentrations can lead o intoxication,

14.2. Emissions, Accidental Release, and
Waste Disposal [229]

The emission of PUR raw materials into the at-
mosphere during production and processing is
usually small. In special cases (e.g., filling of
storage tanks, flexible foam slabstock produc-
tion), measures W reduce emissions are advis-
able or required, Since a cerlain concentralion
limit of a harmlul substance must nol be ex-
ceeded in the air at the workplace, the air is
extracted at the processing plant, and this is
one source ol emissions. The volatility of the
raw materials determines the extent of emis-
sion. Hence blowing agents (e.g., carbon diox-
ide, halogenated hydrocarbons, hydrocarbons)
and tertiary amines are the main constituents,
whercas isocyanates normally do not play o sig-
nificant role. Since the carhon dioxide formed
from the reaction of water with isocyanate is o
natural gonstituent of air, i presenis no problem,
The other blowing agents are discharged into
Lthe atmoesphere in varying quantities depending
o the foam type. The emissions of volatile o
sanic chemicals are being increasingly regulated




in industrialized countries, Natonal regulations
must he observed,

During storage, tank-filling, and transporta-
tion of PUR raw materials, discharge due to ac-
cidents or leaks cannot be entirely ruled out,
Should this happen, us o standard precaution,
the aceidentally released raw material should be
prevented Ffrom entering soil or water by suit-
able measures (c.g., covering sewers), Spilled
product should be covered with a liquid-binding
material such as a chemical binder based on hy
drated caleium silicate {e.g., Hybilal), sand. or
sawdust, This can then be ransferred 1o a waste
container. In the case of spilled isocyanales,
the liguid-binding material should be moist and
the material in the wasle container stored under
moisl conditions in a secure place in the open
air. The lid of the conainer must not be tightly
sealed because ol danger of bursting (COh evo-
lution). The polluted arcas must then be decon-
taminated (sce below), In all cases, the waste
collected in the containers s best disposed of by
incineration in 4 suilable facility (see below),
In the unlikely event that a large pool ol es-
caped isocyanate has formed, all onauthorized

persons should be kept away from the scene of

the accident. Persons downwind should be evac-
uated, Further evaporation of isocyvanate can be
prevented very elfectively by covering the pool
with protein foam. Large quantities of liquids
can he pumped into waste containers, before the
procedure given above is applicd W the remain-
ing residues. Nevertheless, in the case that iso-
cyanate raw materials have leaked inlo the sml
ar water, inerl polyurea 1s the major end prod-
uct ol their reaction with water. According Lo
a three-month soil study with " C-labeled TDI
and MDI, degradation products {e.g.. amines)
were al no time detected in the aqueous extract,

A experimental pond study indicated low
environmental risk arising from spillage of poly-
meric MDI into a natural aguatic ecosystem. No
direct ecotoxic ellects and no bicaccumulation
ol MDD or MDA were observed. Furthermore no
WD or MDA could be detccted in water,

Wiasre Bisposal. Liquid or solid PUR pro-
duction wastes which are noLcompletely reacted
are categorized as harardous waste and should
nol be dumped but burned in industrial waste in-
cineration facilities, cquipped with state-of-the-
arl flue-gas scrubbing,
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Dirum decontamination. Any  isocyanales
residue in “empty” containers thal are 1o be sent
for reconditioning or disposal can be rendered
harmless with a special neutralizing solution
(for formulations, sec the speeialist literature),
The same solution can also be wsed 1o decon-
taminate clothing, equipment and floors, Fully
cured PUR end-product wastes, such as trim-
ming waste from flexible foam slabs, can be
recyceled or recovered (see below). Wastes Tor
which no utilization is yvet possible can have their
energy content recovered In appropriate incin-
eration plants or can be disposed of in landfill
siles, as a last resort (and as long as focal reg-
wlations do not exclude organic materials from
lanctilling).

14.3. Recycling/Recovery of
Polyorethanes

Beeause of their excellent durability, PURs in
seneral contribute significantly to along service
life of the products containing them. This is an
important contribution (o waste minimization,
Tex handle PUR wastes that cannot be prevented,
technologies for recyeling or recovery have been
developed by many industrial associations, joind
ventures, and cooperations between producers
and users of raw materials throughout the world,
e.e., the Polyurethane Recyvele and Recovery
Council (PURRC, USA), BEuropean [socyanate
and Polyol Producers Association (ISOPA, Eu-
ropel, Teepol (Germany ), and the Japan Ure-
thane Indusirial Institute (TUIL Japan). The most
appropriate method may vary from case (o case,
and depends on the propertics of the PUR, the
intended application, and the related capacity of
the market for the recycled material, and very
much an logistical, cconomic, and ecological
factors. Allerall, recycling should nol only serve
o minimize waste; it ought to contribuie also w
the saving of resources and to the reduction of
environmental burdens, Only then can recycling
be counted as a contribulion o sustainable de-
velopment. Currently, the following possibilities
For recyelingfrecovery of PUR exist
Mechanical Reeveling, Mechanical [or
physicaly recycling of PURs means one of the
many forms of “particle recycling.” The re-
bonding of Qexible foam or adhesive pressing
af tigid foam, for example, invelves binding
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roughly 90 wi % of particles with about 10wt %
PUR binders under heat and pressure. Particle
bonding uses up to 70 wt % PUR as the malrix
for any kind of particles (e.g., rubber chips for
sports ground surfaces). PUR powder can be
incorporated into new PUR arlicles al a loading
of round about 20 wit %, PUR powders/particles
are also being revsed as oil binders.

Feedstock  Recveling/Chemical  Recveling.
Large-scale feedstock recycling processes re-
cover oil and sas products from mixed plastic
wasle streams of @ hundred thousand fons per
year or more, of which PUR materials can be
one constituent. These processes include pyro-
lysis, hydrogenation, synthesis gas generation,
and reduction of iton ore in blast furnaces, When
smaller, but pure streams of particular polymers
are available, “chemical recyeling” processes
can be applied. [Lis thus possible to obain liguid
degradation products from PURs thal are suit-
able, weether with new material, for the manu-
facture of new PURSs, Forexample glycolysis has
heen applied more often in favorable case where
a suitable application for the glycolysale has
heen identified. Much rescarch bas resulted in
several process variations [230]. Some of them
include purification and chemical processing of
the regenerate before use in PUR applications,
Observation of appropriate industrial hygiene
and safety is essential, because harurdous sub-
stances could be Tormed.

Energy Recovery, Combustion, or ncinera-
tion with the recovery of energy, is currently
the most effective way to reduce the volume of
oreanic material which atherwise would have
o be sent o landfill, Combustion is suitable
for all materials for which material recyeling is
ruled out on ccological or economic grounds or
sinply becavse of logistical difficulies. Rotary
kilns, fuidized beds, and mass burning equip-
ment, [or example, have been shown to be suil-
able for combustion of plastic scrap. These pro-
cesses arc applied, .., in cement production, in
industrial power stations, and in municipal solid
waste combustors. The heat content of PLIRs
(lower heating value 24-30 MIkg) is compa-
rable to that of coal. Numerous test runs have
shown that this energy content is recovered in an
envirenmentally sound manoer in modern plants
equipped with state-of-the-art flue-gas treatment
facilities.

14.4. Fire Performance of Polyurethanes
[128], [231]

The [ire performance of a praduct is character-
ized at the various stages of a fire by the param-
clers ignitability, fame spread, and heat release,
and by phenomena such as smoke densily and
the toxic polency of the combustion products.
The dripping hehavior, the amount of debris in
seneral, and the corrosive effect of effluents are
alsa determined. Fire test methads dilTer greatly
{rom couniry o country, and also depend an the
ficld of application. Different requirements ex-
ist, e.g., Tor the elecirical, iransportation, Turni-
ture, and building scctors. Fire testing, classifica-
tion and regulatory requirements are very com
plex and reference must be made (o summarizing
liferature,

In general, the fire havards posed by a PUR
foam and its fire effluents are comparable to
those of nawral materials like wool and wood.
The chemical composition of the material is not
the main determining factor. The behavior of
the material in lires depends on, e.g.. the rela-
lve surface of the material {e.g., massive wood
compared to sawdust), the combination ol mate-
rials, thermal conductivity, nature, duration, and
intensity of ignition sources, and ventilation.

The gualitative and quantitative composition
of fire elfluents depends on the decomposition
conditions {temperature and ventilation) as well
as the amount of material invalved. Comparative
tests taking into account different stages of a fire
have confirmed that the toxicity of fire effluents
from PUR products is similar o that of other
natural products like wood, cork, and woal. Fire
efMuents of natural and anificial crganic prod-
ucts always pose a loxic hazard irrespective of
the Lype of burning material,

As effluents from PUR do not difler greatly
from natural materials, a similar effect on the
environment is assumed, Due 1o their reactiv-
ity, isocyanates are rapidly decomposed photo-
chemically or converted chemically.

A special fire risk from PUR is not evident;
risk of ignition and flame spread as well as emis-
sions mainly depend on the scenario and the
amount of hurning material, and are not deter-
mined by the specific material involved.




15. Economic Aspects

Even though PUR makes up only for ca. 6 % of
the total consumption of plastics, the annual pro-
duction reached the 10 % 109 tlevel in 2004, The
erowth rate since 1970 (Fig. 40) on average ex-
ceeded 3 % and thus grew faster than GDP The
fastest growiog market over the last lew vears
was Asia, in particutar China with growth rates
exceeding 10 %.
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Figore 40, World PUR consumption

Figures from 2001 show that there s still a big
difference in per capita consumplion between
the regions (Fig. 41), which allows an oplimistic
outlook for further development,

1995 2000 2005
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Figure 42 gives an overview of the main
application arcas of PURs and Figzure 43 the
split for the basic raw materials MD1, TDI, and
polyethers.

Entimntve
i ]

Fipure 42, World PUR consumption 2004 by applications
fotals 1403 L0 L)

Figure 43, Waorld PUR consumption 2004 by caw materials
feotal; 140 % 109 Mio )

World Population: 6,133 million

* Population per Region in million

Figure 41 PLR per capita consurnprion 2001 by regons
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Table 13 lists trade names of raw materials.

Table L3, Trade oames of raw matecials {exemplary)
Ty Tradaname: Clompiny
Legeyanntes Carndare Shezll
Cosimonate belitani Takedn
Pasnsdur Haver
matesalSaiance
Faomale nony
Lupranmes BASF
Pedamdun Bawer
Minperialscience
Bubimane Hunisman
.‘:i|,||"||'.|,<p;¢ Hunisinan
Tukente Plitsoi Takeda
Tedimen Do
oranato D
Polyols Al Hﬁ}'ur
MateriplSrience
Acteol Mitsui Takedn
A Bayer
Marerial3clence
Carsilol Szl
Enlli Hunisiman
Desmaphen Bver
MneerinlSuienre:
Taonol L
leffol Huntsman
Lupranal BASE
Luzprapiren HASE
Mulerunal Dhiper
Munrerialsrience
Fluraeol BASF
Eunhtnol Hussignn
Tersrieey| TN
Noranol IRl
Catalyas DABCO Adr Producs
Diesinaeapid Baver
MarevialScicnee
latical Huntaman
Misx Weitoo
Polyom Air Prodects
Topocal Tozol
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